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In this thesis, transition metal oxide/hydroxide-based functional nanomaterials with specific structures
and properties are developed and characterized for targeting applications in environmental pollution
abatement and energy conversion and storage. In the first part, graphene supported Co3O4 composite is
synthesized in one-step using a facile microwave-assisted method. Graphene serves as the substrate,
providing high surface area, good conductivity, and good mechanical and chemical durability. The wide
pore size distribution, synergistic effect, and high surface area of the composite are found to contribute to
the high performance of lithium-ion batteries. In the second part, we focused on the synthesis of a series of
heterogeneous electrocatalysts based on graphene coupled mixed-metal (oxy)hydroxides containing
specific concentrations of nickel, cobalt, and iron to investigate the influence of metal composition on the
structure, properties, and activities for the oxygen evolution reaction (OER). Characterization results
indicate iron incorporation induced structural disorder, ultra-small nanosheets, and high surface area of
metal (oxy)hydroxides. In addition, the trend in Tafel slopes is related to the abundance of surface adsorbed
hydroxyl groups. Density functional theory (DFT) calculations demonstrate electronic structure and free
energy change of ternary metal oxyhydroxide enhance the energetics for OER electrocatalysis. The
optimized ternary metal oxyhydroxide exhibits superior OER electrocatalytic activity than the state-of-theart IrO2 catalyst. In the third part, we further developed unique mesoporous NiO/MnO2 in one step using
modified UCT (University of Connecticut) methods. Both the OER and the oxygen reduction reaction
(ORR) electrocatalytic activities and stabilities in alkaline media are promoted after further coating with
polyaniline (PANI). Many factors are found to contribute to the improved catalytic activity, for example,
accessible mesoporous structure, high surface area, core-shell structure, and good electrical conductivity.
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Beside the development of nanomaterials for renewable energy, we also created novel catalysts for
environmental pollution abatement. Last but not least, a series of manganese oxide-based core-shell
nanoarrays are integrated on the cordierite monolithic substrates. Different manganese-cobalt oxide coreshell nanoarrays are further evaluated due to the high activity for CO oxidation. This fast, cost-effective,
and scalable method will provide a new route for synthesizing efficient core-shell nanoarray monolithic
catalysts for low temperature catalysis.
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Chapter 1. Introduction
1.1 Overview
Environmental pollution and energy depletion are the two major issues that have been threatening
human’s health and survival for a long time. The development of nanomaterials and nanotechnologies offer
a great opportunity for solving those problems. The goal of this dissertation work is to develop novel
functional nanomaterials and apply those materials for environmental pollution abatement and efficient
energy conversion and storage. The main features of those new materials are facile preparation, low cost,
environmental-friendly, and scalable in industrial applications.
Among various materials, first-row transition metal oxides and hydroxides have attracted great attention
due to their facile preparation, low cost, and abundance in the earth. In addition, those materials display
excellent performances in catalysis systems and energy storage fields.1-3 The stable crystal structure allows
them to be used in many different atmospheres and reactions. The performance of materials can be
improved via tuning their chemical and physical properties, such as morphology, particle size, crystal
structure, crystallinity, and oxidation states. Besides controlling physicochemical properties of mono metal
oxides or hydroxides, introduction of foreign metal atoms in the forms of doping, heterojunction, and coreshell, etc. would also change the properties of materials, and as a result, induces the enhanced performances
for environmental and energy applications.
To further promote their activities in catalysis and energy storage, transition metal oxide and hydroxide
nanoparticles are commonly supported on various substrates. For example, materials such as graphene,
carbon nanotubes, and nickel foams are commonly used as substrates in renewable energy, as they offering
good electrical conductivity, high surface area, good stability, and good dispersion of metal oxide or
hydroxide nanoparticles.4-6 Coating and hetero-epitaxial crystal growth of transition metal oxide nanoarrays
on cordierite honeycomb monolith substrate is an effective pathway for developing a new class of
automotive catalyst, which allow low catalyst loading with high surface area, good mass-transfer, and low
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pressure drop.7 The formed catalysts are more cost effective and catalytically efficient than catalysts in
powder or pellet form.
In this dissertation work, a variety of industrial scalable synthetic strategies based on wet-chemistry
methods, such as sol-gel, hydrothermal, reflux, and microwave-assisted techniques are successfully applied
for the development of one dimensional (1D) nanorod arrays, two dimensional (2D) ultrathin nanosheets,
and three dimensional (3D) mesoporous nanostructures. Those materials displayed high performances in
the electrochemical oxygen evolution and reduction reactions, lithium-ion batteries (LIBs), and carbon
monoxide (CO) oxidation which are separated into four chapters. The material and catalytic
characterization reveal the origin of their activities and shed light on structure-property relationships.
1.2 Background and significance
1.2.1 Graphene coupled transition metal oxides as anode materials for lithium-ion batteries
LIBs are extensively used in portable electronic devices, the medical industry, and the aerospace
industry, etc. after the first commercial battery released by Sony Co. in 1991.8 Typical LIBs are composed
of cathode (positive electrode), electrolyte (Li ion conducting medium), and anode (negative electrode).
Graphite has long been used as the anode material for commercial LIBs. However, graphite has a low
theoretical capacity of only 372 mA g-1, which could not meet the demand of future markets. Recently,
metal oxides as LIBs anodes have been extensively studied because they offer a higher specific capacity
than state-of-the-art commercial graphite. Various metal oxides, such as SnO2, Fe2O3, Co3O4, Mn3O4 have
been studied as candidates for the LIB anode.9-12 Among them, Co3O4 has a high theoretical specific
capacity of 890 mA h g-1, two times larger than that of the state-of-the-art graphite anode. Meanwhile,
Co3O4 shows higher electrical conductivity than other metal oxides, which is beneficial to improve the
capacity of the LIBs. However, the metal oxides are suffering large volume changes and severe particle
aggregation during battery operation, which have greatly impeded their practical application.
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To prevent the rapid capacity fade of Co-based electrodes, carbon materials for example, graphene,
carbon nanotubes, and active carbons are utilized as the substrate to support the active nanomaterials for
energy applications due to their high electrical conductivity, high surface area, and good chemical
stability.13 Unfortunately, although several reports have demonstrated some enhancement in rate capacity
using the Co3O4/graphene composite material as the anode, they were taken at relatively low current
densities and/or short cycling times, thus less useful for commercial applications. It is much more
challenging to explore Co3O4/graphene hybrid material with long cycling life and high rate capacity
In this work, a newly designed facile one-step microwave-assisted hydrothermal method was used for
synthesis of cauliflower-like Co3O4 nanoparticles on mildly reduced graphene oxide (rGO) sheets.
Microwave synthesis used in this work allows accurate and homogeneous control of the reaction
temperature and pressure, results in uniform growth of Co3O4 nanoparticles on graphene sheets. The mildly
oxidized graphene oxide, an ideal support for Co3O4, was demonstrated with less defects. A unique
graphene-Co3O4-graphene sandwich-like structure was formed for the rGO/Co3O4 composite. Meanwhile,
the composite exhibits high surface area and wide pore size distribution. All the data above show that the
synergistic effects of the composite lead to the anode electrode having a high capacity of ~1300 mAh g-1 at
a high rate of 1 C (1 C = 890 mA g-1), a long life of over 600 cycles, and excellent rate capability. The
current result is comparable to or even better than that of previous LIBs anode materials. The reported
synthesis method is facile, energy-efficient, and time-saving, and provides valuable insight into designing
high-performance electrodes for LIBs.
1.2.2 Transition metal (oxy)hydroxide electrocatalysts in water oxidation reaction
The electrocatalytic water oxidation (4OH¯ (aq) ↔ O2 (g) + 2H2O (l) + 4e¯) is considered to be an
alternative pathway to overcome the increasing depletion of fossil fuels, such as coal, petroleum, and natural
gas.14 However, the complex process of oxygen evolution reaction (OER) suffers from the sluggish reaction
kinetics and requires high energy input, which makes the development of efficient electrode materials more
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critical.15 Although noble metal oxide (IrO2, RuO2) based electrocatalysts have proven to be highly active
for OER, the high cost and mineral scarcity limit practical applications.16 Therefore, the development of
low cost, earth-abundant, and highly efficient electrocatalysts is clearly needed. Recently, extensive
research has been focused on the synthesis of earth-abundant first row 3d transition metal-based
nanomaterials for OER in alkaline conditions, including metal (oxy)hydroxides,17 metal oxides,18 metal
phosphides,19 and metal sulfides.20 Among those nanomaterials, metal (oxy)hydroxides based on Fe, Ni,
and Co showed especially great potential for future OER electrocatalysis. Several electrocatalysts in the
literature were reported to have better OER activities than benchmark catalysts like IrO2 and RuO2.21,22 Fedoped NiOOH is a well-known material with high OER activity under alkaline conditions. However, the
low electrical conductivity of transition-metal hydroxides hinders the fast reaction rate of electrocatalysis.23
Supporting those transition metal hydroxides on conductive carbon-based substrates such as carbon
nanotubes and graphene, is believed to be an effective strategy to enhanced activity and durability for water
electrocatalysis.24
In this work, A series of heterogeneous electrocatalysts based on graphene coupled mixed-metal
(oxy)hydroxides containing specific concentrations of nickel, cobalt, and iron were synthesized to
investigate the influence of metal composition on the structure, properties, and activities for OER. The
addition of iron led to isolated metal (oxy)hydroxide sheets from a few hundred nanometers to less than 5
nm, leading to a high surface area. Iron incorporation also induced structural disorder and abundant
hydroxyl groups adsorbed on the surface of those electrocatalysts, which contribute to better catalytic
performance as displayed by the remarkable improvement in Tafel slopes. In addition, the presence of
cobalt and nickel can aid in lowering the onset potential of OER. Small amounts of iron in NiFe and NiCoFe
systems were found to significantly decrease the overpotential. The best OER electrocatalysts of the series
were obtained for the ternary metal hydroxide of composition Ni 0.33Co0.34Fe0.33, which generates a low
overpotential of 0.332 V in reaching 10 mA cm-1 in 0.1 M KOH and the Tafel slope is as low as 51 mV
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dec-1. DFT calculations demonstrate the improvements of electronic structure and free energy changes of
the ternary metal oxyhydroxide for more efficient OER electrocatalysis.
1.2.3 Mixed mesoporous metal oxide nanostructures as bifunctional electrocatalysts for oxygen
evolution and reduction reactions
Oxygen reduction reaction (ORR) and OER are playing critical roles in energy conversion and storage
devices like proton exchange membrane fuel cells (PEMFCs) and metal-air batteries, respectively, but
limited by the sluggish kinetics. Although noble metals (e.g. Pt) and noble metal oxides (e.g. IrO2, RuO2)
catalysts have proven to be highly active electrocatalysts for ORR and OER, respectively, the high cost of
such catalysts largely limits their extensive applications. Therefore, the development of low cost, earthabundant, highly efficient electrocatalysts is clearly needed.
Manganese oxide is a group of materials with diverse structures and pores. So far, more than 30 different
types of manganese oxides/hydroxides are discovered in natural minerals.25 The diverse crystal structures
are mainly attributed to the various connection of edge- or corner-shared [MnO6] octahedral units and a
wide range of manganese oxidation states.26 The diverse properties and multivalent nature make manganese
oxide a promising bifunctional electrocatalyst for both OER and ORR. Manganese oxide film were prepared
via electrodeposition strategy for water oxidation studies.27 The property study reveals abundant di-μ-oxo
bridges between Mn ions, and Mn3+ sites contribute to the high activity. However, the stability test showed
the MnCat film suffered severe degradation and maintained the high activity only in minutes. Recently,
various structures of manganese oxides in the form of powders were also examined for both oxygen
evolution and reduction reactions.28-30
Mesoporous materials, especially mesoporous transition metal oxides, benefit from several properties,
such as high surface areas, tunable pore sizes and shapes, various structures, and a multitude of
compositions. A variety of synthetic methods have been developed for the preparation of mesoporous
materials. In general, two popular methods are usually used for the synthesis of mesoporous materials,
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including “hard” and “soft” template procedures. These systems have attracted enormous interest in the
fields of catalysis, adsorption, lithium-ion batteries, sensors, and nanodevices, since the first discovery in
1992.31-33
In this study, mesoporous NiO/MnO2 composite was synthesized in one-step using facile inverse micelle
templated UCT methods. After coating with electronic conductive PANI polymer, the unique core/shell
structure of mesoporous NiO/MnO2@PANI catalyst exhibits excellent electrocatalytic activity and stability
for both the OER and ORR in alkaline media. Impressively, the catalyst exhibits a potential gap, ΔE, of
0.75 V to achieve a current of 10 mA cm-2 for the OER and -3 mA cm-2 for the ORR in 0.1 M KOH solution,
better than the majority of reported bifunctional electrocatalysts, including Ir/C (0.95 V), Ru/C (1.01 V),
and Pt/C (1.18 V). Moreover, the catalyst shows remarkable electrochemical durability for both OER and
ORR with 24 h continuous operation under alkaline conditions. This work provides a facile synthetic
protocol for water electrolysis catalysts that are alternatives to noble metal containing catalysts.
1.2.4 Manganese oxide-based core-shell nanoarray monolith catalysts for emission control
Air pollution has been long-term threatening human health and causing the global warming. The toxic
substances generated from modern chemical and power plants, shale-gas extraction, and automobiles, e.g.
CO, nitrogen oxides (NOx), hydrocarbons (HC), and sulfur oxides (SOx), becoming one main pollution
source of air.34 This challenges the industry to develop more efficient catalysts to remove the toxic
emissions before they go into the air. Currently, platinum-group metal (PGM)-based catalysts are still the
choice of the automobile industry.35,36 However, these supported noble metals are naturally scarce and
prohibitive. Over the long run, using relatively cheap, earth-abundant, and highly stable transition metal
alternatives, such as metal oxides,37 perovskites,38 and spinels,39 are being pursued as alternatives in order
to achieve good CO oxidation activity at low temperature.
Growing transition metal oxide nanorod arrays on commercially available cordierite honeycomb
monoliths is a promising pathway to replace the commercial PMG-based catalysts. The state-of-the-art
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industrial catalytic converter was designed by washcoating mesoporous Al2O3 supported Pt/Pd on
monolithic substrates with coating thicknesses of 20-200 µm. Since this method is unable to effectively
control the structure of catalysts, or substrate adherence, or catalyst dispersion, this is not practical for
optimum utilization of catalysts. Monolithic nanoarray catalysts can reduce 10-40 times the material usage
of washcoated ones without sacrificing catalytic performance.7 In addition, the uniform distribution of
vertically-aligned nanorod arrays may allow much more efficient and faster molecular diffusion and
heterogeneous reactions on the surfaces.
In this work, different metal oxide core-shell nanoarrays, for the first-time integrated onto monolithic
cordierite substrates using a facile and energy-saving synthesis strategy for the catalytic oxidation of CO.
To achieve the core-shell nanoarray architecture, cryptomelane type of manganese oxide (OMS-2)
nanoarrays were selected as the core support for in situ growth on the cordierite substrate, using a facile
and scalable hydrothermal synthesis as reported before. Since manganese is naturally abundant, multivalent, and environmentally benign, manganese-based oxides are widely used in industry and have shown
remarkable activity for the oxidation of CO and hydrocarbons at low temperature.
A series of different metal oxide shells were prepared with the purpose of enhancing the catalytic
performance of nanoarray-based monolithic catalysts, using an efficient and fast microwave-assisted
synthesis strategy. The CO oxidation performance of each core-shell nanoarray catalyst was evaluated and
the trend of reactivity was studied. As the manganese-cobalt oxide core-shell nanoarrays displayed the
highest activity for CO oxidation at low temperature, different cobalt precursors were further studied for
the synthesis of core-shell nanoarrays and their catalytic CO oxidation performances. As a result, the
manganese-cobalt oxide core-shell monolithic catalyst using Co(acac)3 as the reagent, displayed significant
improvement for 100% CO conversion at 150 °C, in sharp contrast with 325 °C for the bare OMS-2
nanoarrays. The growth mechanisms of different manganese-cobalt oxide core-shell nanoarrays were
studied in this work. Most importantly, Co3+ distributed on the surface of nanoarrays was demonstrated to
act as the active sites for CO oxidation. The small grain size, abundant surface-adsorbed oxygen, and
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interfacial effects between MnO2 and Co3O4 were found to favor the observed high catalytic activity. A
thermal annealing study showed that high temperature induces the sintering of the nanoarray catalyst, which
further affects the CO oxidation activity. The 3D nanoarray monolithic catalysts with unique characteristics
such as enhanced activity, high open surface area, good mechanical and thermal stability, and low loading
amount of catalyst, display the potential as a superior alternative to conventional PGM-based catalysts for
emission control applications.
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Chapter 2. High-Rate Long-Life of Li-Ion Batteries Using Reduced Graphene Oxide/Co3O4
as Anode Materials

2.1 Introduction
The rapid international growth in energy consumption, coupled with the threat of global climate
change from carbon dioxide (CO2) emitted from traditional sources have made the development of
coupled sustainable energy generation and storage systems of paramount importance. LIBs are
widely considered as the most promising energy storage media due to their high power density,
high energy density, and they are considered to be environmentally friendly. 1–4 To meet the
requirements of both high power and high energy density applications (e.g., electrical vehicles,
portable devices, and grid-scale storage), a significant amount of work has been devoted to develop
alternative high-performance electrode materials for LIBs. 5–7 Various metal oxides, such as SnO2,8
Fe2O3,9 Co3O4,10 TiO2,11 NiO,12 Mn3O413 have been studied as candidates for the LIB anode. Among
them, Co3O4 has a high theoretical specific capacity of 890 mAh g -1, ~2 times larger than that of the
state-of-the-art graphite (372 mAh g -1) anode, even higher than most other metal oxides, e.g. SnO2,
TiO2, NiO. Meanwhile, compared to Mn 3O4, Co3O4 shows high electrical conductivity which is
beneficial to improve the capacity of the LIBs. All these are expected to meet the future
requirements of LIBs.14 In this respect, a tremendous effort has been made on the synthesis of Co 3O4
with different morphologies, including mesoporous hollow spheres, nanowires, nanoparticles,
nanocages, and nanotubes, used as anode materials in LIBs. However, the large volume change and
severe particle aggregation during the lithiation process have led to electrode degradation and,
consequently, previous researchers have found rapid capacity fade of these Co-based electrodes.
Graphene, an amazing new class of two-dimensional carbon materials, has been used extensively
as a substrate to support active nanomaterials for energy applications due to its high electrical
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conductivity, large surface area, light weight, and chemical stability. 15–20 Several strategies have
been developed to produce graphene. The most popular approach is to reduce chemically exfoliated
graphene oxide (GO) obtained by the Hummers method. 21 In previous studies, researchers have
already found that Co 3O4 shows relatively poor performance in electrochemical applications by
itself, however, when grown onto graphene sheets, the composite exhibits surprisingly high
performance. Work done by Dai’s group, 22 showed that the synergistic effect of rGO/Co 3O4 hybrid
leads to surprisingly high performance in both ORR and OER applications. Cheng et al. 23 studied
Co3O4/graphene composites as anode electrodes, achieving a high performance in LIBs.
Unfortunately, although several reports have demonstrated some enhancement in rate capacity
using the Co3O4/graphene composite material as the anode, they were taken at relatively low current
densities and/or short cycling times, thus less useful for commercial applications. 24–26 It is much
more challenging to explore Co 3O4/graphene hybrid material with long cycling life and high rate
capacity.
Recently, microwave-assisted hydrothermal synthesis of inorganic nanomaterials has become
the subject of renewed fundamental and technological interest. Microwave synthesis has been
shown to yield improved control over nanocrystal formation, time savings, reduced energy
consumption, and is environmentally friendly. 27,28 Modern microwave reactors, specifically
designed for chemical applications, now allow for accurate, homogeneous control of the reaction
temperature and pressure, which in most cases are not realized using conventional heating methods,
improving the product quality and yield. Meanwhile, the synthesized nanocrystals are more uniform
in dimension and composition.29–31
Herein, we report a new one-step microwave-assisted method for growing Co 3O4 nanoparticles
(NPs) onto mildly oxidized GO sheets to form an rGO/Co3O4 composite as an advanced anode
material for LIBs (see Scheme 2.1). The mildly oxidized GO used in this work was made by a
modified Hummers method, 21,22 where a reduced amount of KMnO 4 and NaNO 3, as well as low
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reaction temperature were applied to form the high quality GO sheets. A two-step reaction
mechanism was proposed for the synthesis of Co 3O4 NPs on GO sheets: Co(acac) 3 precursor was
first adsorbed on GO sheets through chemical bonding, and subsequently, followed by Co 3+ was
partly reduced into Co 2+ after urea decomposition and in situ forming Co3O4 NPs. The cauliflowerlike Co3O4 NPs were grown on graphene layers via unique microwave hydrothermal heating to form
a graphene-Co3O4-graphene sandwich-like structure. The good coupling established between Co 3O4
and graphene layer can not only prevent the aggregation of Co 3O4 NPs but also provides an efficient
medium for lithium ion and electron transport. Moreover, graphene can release mechanical stress
during Li-ion insertion/extraction cycling. Our rGO/Co 3O4 based electrodes offer high specific
capacity of nearly 1300 mAh g -1 at a high rate of 1 C (1 C = 890 mA g-1), long life of over 600
cycles, good capacity retention, and excellent rate capability.

Scheme 2.1 Schematic illustration for one-step synthesis of rGO/Co3O4 composites.
2.2 Experimental section
2.2.1 Synthesis of graphene oxide
GO was made by a modified Hummers method, 1 g of graphite flakes (natural, −325 mesh,
99.98%, purchased from Alfa Aesar) and 20 g NaCl were ground for 20~30 minutes. Then the
mixture was washed with copious amounts of water in a vacuum filtration apparatus, followed by
drying in an oven at 70°C for 1 h. Then powder was transferred to a 250 mL round bottom flask,
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23 mL of concentrated sulfuric acid added, the mixture was allowed to stir at room temperature for
24 hours. Next, 100 mg of NaNO 3 was added into the suspension, followed by slowly adding 1.5 g
of KMnO4 (3 g for Hummers’ GO). After stirring the suspension for 45 minutes, the round bottom
flask was transferred into the ice bath, and 50 ml of water was added dropwise into the flask. The
flask was removed from the ice bath and the suspension was allowed to stir at room temperature for
another 15 minutes, followed by the addition of a mixture of 140 mL of water and 10 mL of 30%
H2O2 and stirred for another 5 minutes to end the reaction. The suspension was first washed with
5% HCl solution, and followed by washing with a copious amount of water until the pH was neutral.
The final precipitate was dispersed in 150 mL of water and sonicated for 30 min. Finally, a brown
homogeneous suspension was collected after centrifuging at 5000 rpm for 5 minutes to remove the
residues.
2.2.2 Synthesis of Co3O4, rGO, and rGO/Co3O4 composites
The microwave reactor used in this study was a Biotage Initiator microwave synthesizer, which
was equipped with a built-in computer and touch-screen. The maximum heating temperature
reached to 250 °C with a ramp rate of 2-5 °C sec-1, and the pressure ranged from 0 to 20 MPa at
powers of 0-400 W.
Co3O4 was made by adding 0.533 g of Co(acac)3 and 0.18 g of urea into 7.5 mL of distilled water
and 7.5 mL of ethanol in a 20 mL reactor vial and sealed. The apparatus was equipped with a
magnetic stirrer. A homogenous solution was obtained after sonicating for 15 min. The reaction
was carried out in the Biotage Initiator microwave synthesizer, which was programmed to maintain
150 °C for 30 min. The synthesized product was collected by centrifuging and washed with distilled
water and absolute ethanol repeatedly, and dried in the oven at 80 °C overnight.
rGO/Co3O4 composites with various concentrations of GO were synthesized by adjusting the
starting solutions with different nominal ratios of GO. The volume of ethanol and total reaction
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solution remained unchanged. The ratios of the composites were calculated according the mass ratio
of GO to Co3O4. Typically, 0.533 g of Co(acac)3, 0.18 g of urea and 1.58 mL of GO (the GO used
in the following reaction all with a concentration of 7.6 mg mL-1, was determined by measuring the
mass of the GO lyophilized from a certain volume of the suspension) into 5.92 mL of distilled water
and 7.5 mL of ethanol in a 20 mL reactor vial and sealed. The apparatus was equipped with a
magnetic stirrer. A homogenous solution was obtained after sonication for 15 min. The reaction
was carried out in the Biotage Initiator microwave synthesizer, which was programmed to stay at
150 °C for 30 min. The synthesized product was collected by centrifugation and washed with
distilled water and absolute ethanol repeatedly, and dried in the oven at 80 °C overnight.
rGO was made through the same steps used for making rGO/Co 3O4 without adding any Co salt
in the first step. The final product was lyophilized.
2.2.3 Materials characterization
Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku UltimaIV instrument with
Cu Kα radiation (λ= 0.154056 nm) at a beam voltage of 40 kV and a 44 mA beam current. Field
emission scanning electron microscopy (SEM) images were obtained on a JSM-6335F instrument
at an acceleration voltage of 10 kV. Energy dispersive high-resolution transmission electron
microscopy (HR-TEM) images were collected using a JEOL 2010 FasTEM with an accelerating
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was done on a PHI model 590
spectrometer with multiprobes (Φ Physical Electronics Industries Inc.), using Al Kα radiation
(λ=1486.6 eV) as the radiation source. Raman spectra were collected using a Renishaw 2000
Ramascope Micro-Raman coupled with a 514 nm Ar ion laser and a charge-coupled device (CCD)
detector. The Raman band of a silicon wafer at 520 cm -1 was used to calibrate the spectrometer. N 2
adsorption measurements were performed on a Quantachrome Autosorb-1-1C automated sorption
system. The samples were degassed at 150 °C for 6 h prior to the experiments. The surface areas
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were calculated by the Brunauer-Emmett-Teller (BET) method, and the pore size distributions were
obtained by the Barrett-Joyner-Halenda (BJH) method from the desorption branch of the isotherms.
The atomic force microscopy (AFM) images were performed in a Veeco Nanoscope IV multimode
system. Thermogravimetric analysis (TGA) was carried out with a TA Instrument TGA Q-500 in a
flowing air atmosphere (60.0 cm 3 min-1). Thermal analysis was recorded ranging from room
temperature to 900 °C, with a heating rate of 10 °C min-1.
2.2.4 Electrochemical test
All the electrodes were fabricated by preparing a slurry containing 80 wt% of active material, 10 wt%
carbon black (Vulcan XC-72R, Cabot) as the conducting agent, and 10 wt% binder, made by dispersing
polyvinylidene fluoride (PVDF, Kynar blend) in N-methylpyrrolidone (NMP, Acros, 99.5% Extra Dry).
The slurry was homogenized through repeated and successive sonication and stirring, coated onto a copper
foil (Alfa Aesar, 99.999%) and dried at 100°C under vacuum for 12 h, then pressed at 1500 lbs for 5 min.
For all electrodes fabricated in this study, the active loading was held at 0.35 mg cm-2. The material loading
is for the mass of active material only. Coin cells were constructed to test the electrochemical properties of
anodes in a half-cell configuration. Coin cells (2 cm in diameter, Hohsen Corp.) were assembled in an
argon-filled glove box (Labconco) with the samples as test electrodes, lithium metal (Alfa Aesar, 99.9%)
as the cathodes, Celgard 2320 tri-layer PP/PE/PP as the separator, and a mixture of 1M lithium
hexafluorophosphate (LiPF6, Acros 98%) in ethylene carbonate (EC, Acros 99+%)/dimethyl carbonate
(DMC, Acros 98+%)/diethyl carbonate (DEC, Acros 99%) (1:1:1 by volume percent) as the electrolyte. All
charge-discharge C-rate calculations of Co3O4 and rGO/Co3O4 were based on the theoretical capacity for
Co3O4 of 890 mAh g-1, while the rGO electrode charge-discharge C-rate calculation was based on the
theoretical capacity for graphite of 372 mAh g-1. Charge-discharge measurements were carried out at
various current densities over a voltage range of 0.001 to 3 V (vs. Li+/Li) using an Arbin MSTAT battery
test system. Cyclic Voltammetry (CV) was collected at a scan rate of 0.1 mV s -1 over the same voltage
windows as the charge/discharge cycles.
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2.3 Results
2.3.1 Characterization of graphene oxide
Electrochemical applications for graphene obtained from chemical exfoliation are limited by the
quality of GO.32 One way to obtain high quality GO is to lower the degree of oxidation and to create
fewer defects.33 Here, a mild synthesis procedure was used to achieve high quality GO. Figure 2.1a
displays the XRD patterns of graphite and GO. While graphite has its (002) diffraction peak at a 2θ
of 27o, the peak shifts to ~11 o after oxidation, as its interlayer spacing increased from 0.34 to ~0.87

Figure 2.1 Characterization of chemical exfoliated GO. (a) XRD patterns for GO and graphite. (b)
Typical Raman spectrum and (c) AFM image for selected GO flakes. (d) Statistical measurement
results for AFM thickness for randomly selected 53 flakes (particle size > 1 μm), where the
thickness ranges from 0.3 to 1.3 nm.
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nm. The Raman spectrum of GO in Figure 2.1b exhibits characteristic D, G, 2D, and S3 bands at 1358,
1573, 2687, and 2926 cm-1, respectively, wherein the D band is related to the presence of sp3 defects, G
band corresponding to the in-plane vibration of sp2 carbon atoms, and 2D band originates from a two
phonon double resonance Raman process.34,35 Atomic force microscope (AFM) was used to identify the
number of layers of GO, as shown in Figure 2.1c, and the statistical results in Figure 2.1d show that the
average thickness of the GO flakes was 0.87±0.25 nm, in accordance with the XRD results, indicating
single layer sheets.
2.3.2 Physicochemical properties
The Biotage Initiator microwave synthesizer used in this study allows for precise control of the
reaction temperature and pressure. All the Co 3O4-based materials were synthesized under the same
conditions; detailed reaction temperature (T), pressure (P), and power (W) profiles are shown in
Figure 2.2. The rGO/Co3O4 used in this paper consisted of 10 wt% (nominal ratio) of GO in the
composites, unless otherwise stated. Figure 2.3a shows a SEM image of rGO/Co 3O4 where Co3O4
nanocrystals are uniformly grown on the surface of the graphene sheets. TEM images were obtained
to gain further insight into the structural and morphological aspects of rGO/Co 3O4. As shown in
Figure 2.3b, Co3O4 NPs grow on the graphene sheets with a diameter of 50~100 nm, and display a
cauliflower-like structure. The detailed morphology of the cauliflower-like nanostructure in Figure

Figure 2.2 Representative profile of (a) temperature, T, (b) power, P, and (c) pressure, p monitored when
the reaction was performed at 150 oC for 30 min.
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2.3c reveals that the entire structure of the cauliflower is built from an abundant number of small
crystals, and the nanocrystals are interconnected with each other to form a uniform pore structure
within the nanoparticles. Interestingly, through SEM, nanocubes mixed with a few nanorods were
observed for pure Co 3O4 under the same synthetic condition, as shown in Figure 2.3d. The
nanocube has a particle size of less than 50 nm (Figure 2.3e). TEM image in Figure 2.3f shows
similar formation process for pure single Co 3O4 NP compared with Co 3O4 NP grown on the
graphene layer.

Figure 2.3 (a) SEM image for rGO/Co 3O4. (b) and (c) HR-TEM images for rGO/Co 3O4. (d) SEM
image for Co3O4 NPs. (e) and (f) HR-TEM images for Co 3O4 NPs.
The XRD pattern of rGO/Co 3O4 in Figure 2.4a exhibits the characteristic peaks of Co 3O4,
matching well with JCPDS No. 42-1467. No graphene diffraction peaks were observed for the
rGO/Co3O4 composites, which may be due to the low graphene content (the amount of graphene
was ~6.75 wt% as revealed by thermogravimetric measurements in Figure 2.4b, corresponding to
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the nominal ratio of 10 wt% rGO/Co 3O4) as well as the relatively weak diffraction intensity of
graphene materials compared with Co 3O4 within the composites. The XRD patterns of rGO/Co 3O4
composites with a different content of GO (Figure 2.5), show consistent characteristic diffraction
peaks as pure Co3O4. The Raman spectrum of rGO, Co 3O4, and rGO/Co3O4 are shown in Figure
2.4c. For rGO/Co3O4, exhibits not only the characteristic bands at 191, 467, 511, 608, and 671cm -1

Figure 2.4 (a) Powder XRD patterns for Co 3O4 and rGO/Co3O4. (b) TGA curves of Co 3O4 and
rGO/Co3O4 composites. (c) Raman spectra for Co 3O4, rGO/Co3O4, and rGO. (d) N2 sorption
isotherms for Co3O4 and rGO/Co3O4, respectively.
corresponding to Eg, F12g, F22g and A1g modes of Co3O4, but also D and G bands of graphene at
~1354 and 1620 cm -1. Compared with as-prepared GO, there was an obvious G band shift upward,
mainly caused by the stress induced by Co 3O4 NPs grown on the surface.36 The Raman D/G intensity
ratios of rGO and rGO/Co 3O4 composite are 0.79 and 1.11, respectively, higher than the as-made
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GO of 0.73, indicating a decrease in the average size of the sp 2 domains, but larger in number.35 N2
adsorption measurements in Figure 2.4d, further reveal that rGO/Co3O4 possesses a high surface
area of 222 m2 g-1 and pore volume of 0.27 cm 3 g-1 compared with Co 3O4 values of 70 m2 g-1 and
0.29 cm3 g-1, respectively. The pore sizes range from microporous to macroporous for both Co 3O4
and rGO/Co3O4 formed under the same conditions.

Figure 2.5 Powder XRD patterns for Co3O4 and rGO/Co3O4 composites with various nominal ratios of GO.
The chemical composition of rGO/Co 3O4 was investigated by XPS, as shown in Figure 2.6. Two
peaks centered at 780.4 and 795.8 eV were observed, Figure 2.6b, corresponding to the Co 2p 3/2
and Co 2p1/2 of Co3O4, respectively. The O 1s peak at 529.9 eV in Figure 2.6c further confirmed
the presence of Co3O4, while the rest of the components at 531.5 eV, 533.1 eV, and 534.5 eV can
be attributed to “carbon–oxygen” functional groups. 23,37 Further, the C 1s spectrum in Figure 2.6d
reveals the different functional groups of carbon atoms: the nonoxygenated ring C, the C in C–N
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and C–O bonds, the carbonyl C, and the carboxylate carbon.38 These results demonstrate that Co 3O4
nanocrystals grow on rGO sheets form tightly coupled composites.

Figure 2.6 XPS spectra for rGO/Co3O4 composites: (a) Survey spectrum and high resolution (b) Co 2p, (c)
O 1s, and (d) C 1s spectra.
2.3.3 Electrochemical characterization
CVs were first obtained to evaluate the electrochemical performance of the rGO/Co3O4 at a scan rate of
0.1 mV s-1 at room temperature. As shown in Figure 2.7a, the initial cycle exhibits two anodic peaks at 1.4
and 2.1 V, corresponding to the oxidation of Co0 to Co2+ and Co3+ (3Co (s) + 4Li2O (s) →Co3O4 (s) + 8Li+
+ 8e-). Simultaneously, the two cathodic peaks observed at 0.7 and 1.4 show
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Figure 2.7 Electrochemical test: CV curves of rGO/Co 3O4 (a) and Co3O4 (b) at a scanning rate of
0.1 mV s-1, galvanostatic charge-discharge curves of rGO/Co 3O4 (c) and Co3O4 (d) at a current rate
of 1 C, (e) rate performance of rGO/Co 3O4 and Co3O4 at various current densities between 0.2 C
and 10 C.
the reduction of Co2+ and Co3+ to Co0 (Co3O4 (s) + 8Li+ (aq) + 8e−→3Co (s) + 4Li2O (s)). The sharp cathodic
peak indicates fast kinetics for the phase transformation of Co3O4 and the formation of the solid electrolyte
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interphase (SEI) on the surface of rGO/Co3O4 nanocomposite.39 In the following two cycles, both the anodic
and cathodic peaks are consistent, whereas, the two cathodic peaks shift to 1 and 1.3 V, respectively. These
results indicate that the electrochemical reversibility of rGO/Co3O4 is achieved after the initial cycle where
the SEI formation occurs.40 For comparison, CV curves of Co3O4 are also presented, as shown in Figure
2.7b, which exhibit consistent features with rGO/Co3O4.
To further corroborate the high performance of the as-prepared rGO/Co3O4 composite anode,
galvanostatic charge-discharge cycling was evaluated at a current rate of 1 C (1 C = 890 mA g -1).
Figure 2.7c shows a representative charge-discharge profile of rGO/Co 3O4 in the voltage range of
0.001-3.0 V. A long voltage plateau at approximately 0.8 V is observed for the first discharge
process, which is related to the formation of SEI on the surface of the rGO/Co 3O4 composite. The
lithium which participates in the formation of SEI is not reversible. 41 The sloping curve down to the
cutoff voltage of 0.001V in the first discharge step, corresponds to the formation of a polymer/gellike film.42 The first charge and discharge capacities were 761 and 1272 mAh g-1, respectively,
giving a first cycle Coulombic efficiency of 59.8%, mostly due to the formation of the SEI layer.
From the fifth to the hundredth cycle, the charge-discharge curves are almost identical, indicating
that the electrochemical process is stable during the lithium insertion-deinsertion reactions. In
contrast, a short voltage plateau for Co 3O4 was observed in the first discharge step, as shown in
Figure 2.7d. Meanwhile, after the tenth cycle, the charge and discharge capacities degrade sharply
to less than 100 mAh g -1. A similar phenomenon was observed for rGO (at a current rate of 1 C, 1
C = 372 mA g-1). These results are very different than those of raw Co 3O4, which showed poor
performance and rapid capacity loss over the same number of cycles.
The rate capability is another critical parameter for the LIBs. The rGO/Co 3O4 composites exhibit
excellent rate capability at charge-discharge rates ranging from 0.2 to 10 C, as shown in Figure
2.7e. Even at a high rate of 10 C, the composite still maintained a high reversible capacity of about
400 mAh g-1, which is higher than even the theoretical capacity of state-of-the-art graphite anode
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materials. More importantly, an average specific capacity of 1054 mAh g -1 can be restored when
the current density is decreased to 0.2 C. For comparison, the charge-discharge rate of Co 3O4 was
also presented in Figure 2.7e, which shows low specific capacity.

Figure 2.8 Cycling performance of rGO, Co3O4, rGO/Co3O4 and corresponding Coulombic efficiency at a
current rate of 1 C (C-rate calculations of Co3O4 and rGO/Co3O4 were based on the theoretical capacity for
Co3O4 of 890 mAh g-1, C-rate calculation of rGO was based on the theoretical capacity for graphite of 372
mAh g-1).
Cycling performances of rGO, Co3O4, and rGO/Co3O4 at a 1 C rate are shown in Figure 2.8, where
rGO/Co3O4 exhibits the best electrochemical lithium storage and cycling performance. The rGO/Co 3O4
material shows a similar cycling trend with rGO, where the reversible capacity increases slowly from 821
to 1297 mAh g-1 after 600 cycles, which exceeds the theoretical capacity of Co3O4 of 890 mAh g-1. A stable
Coulombic efficiency of ~96% was also observed over 600 cycles for rGO/Co3O4. To search for the best
electrode, cycling performances of the composites with various rGO concentrations were investigated under
the same electrochemical conditions (Figure 2.9a). For 2.5 and 5 wt%, the battery reversible capacity
quickly decayed after several dozen cycles. In contrast, 15 and 30 wt%, show consistent and stable cycling
performances, but lower reversible capacity with an increase of rGO concentration. Further, we recorded
the structure and morphology results for rGO/Co3O4 electrodes after 900 cycles. Both XRD (Figure 2.9b)
and selective area electron diffraction (SAED) patterns (Figure 2.9c) show that Co3O4 nanocrystals became
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amorphous after long time cycling. Meanwhile, the fringe Co3O4 NPs have the same shapes as the initial
morphology.

Figure 2.9 (a) Cycling performance of 2.5, 5, 15, and 30 wt% of rGO/Co3O4 composites at a current rate
of 1 C. (b) XRD pattern and (c) TEM image of rGO/Co3O4 electrode after over 900 cycles. The inset is
SAED pattern of rGO/Co3O4 electrode.
2.4 Discussion
Over the past few years, graphene has been thoroughly studied for electrochemical energy
storage application due to its amazing properties. Several synthetic routes have been established to
prepare graphene, of which reduction of chemically exfoliated GO obtained by the Hummers
method is the most popular one. [48] The methods adopted for graphene production play a crucial
role in determining the properties of the final product. The drawback for chemical oxidation and
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exfoliation of graphite is the ready creating of defects, including structural defects and oxygen
functional groups, especially structural defects that will cause irreversible damage to the material
even after post treatment. In this respect, our GO was synthesized with a reduced amount of KMnO 4
and NaNO3, as well as a low reaction temperature, which made the method of chemical oxidization
and exfoliation of graphite sheets both less consumptive of chemicals and energy intensive
compared to previous methods. More importantly, this mild synthesis method is believed to not
only be favorable for retaining the properties of pristine graphene, but also to easily reduce GO
during the process of forming Co 3O4. Raman spectroscopy as a versatile tool, was applied to
efficiently evaluate the quality of the exfoliated graphene. As shown in Figure 2.1b, our GO
exhibits a weak D band and sharp 2D band, which suggest a low defect density. 43 The 2D band also
reflects the thickness of GO that is a very sharp and symmetric for a single layer, and gets broader
for multi-layers. AFM statistical results in Figure 2.1d also indicate our GO was mostly single layer
with an apparent thickness of ∼0.87 nm.
In order to synthesize Co 3O4 NPs in one-step, and reduce GO simultaneously, Cobalt (III)
acetylacetonate (Co(acac) 3) was used as the precursor, while urea was applied as a reducing agent
for the reaction. In the initial reaction stage, Co(acac)3 was chemically adsorbed onto GO sheets
through chemical bonding with oxygen functional groups (RO) of GO, as shown in equation (2.1).
Co(acac)3 (l) + RO-graphene (s) → Co(acac)3 ··· RO-graphene (s)

(2.1)

Urea played a key role for obtaining rGO/Co 3O4 composite and considerable studies have been
done to investigate the role of urea during the precipitation process. Li et al. 44 reported that, urea,
after decomposition at about 70 °C, to produce NH3 and CO2, and followed by hydrolysis of NH 3
and CO2 to generate OH- and CO32- which will slowly deposit metal ion. Li et al. 45 also reported
similar results. The main reactions are shown as follows:
CO(NH2)2 (s) + H2O (l) → 2NH 3 (g) + CO2 (g)
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(2.2)

CO2 (g) + H2O (l) → CO 32− (l) + 2H+ (l)

(2.3)

NH3 (g) + H2O (l) → NH 4+ (l) + OH− (l)

(2.4)

Recently, urea also has been demonstrated to be an effective environmentally friendly reducing
agent for preparing graphene. 46 Co3O4 spinel phase finally formed, as Equation shows below:
3Co3+ (l) + 2OH− (l) + 3CO32− (l) → Co3O4 (s) + 3CO2 (g) + H2O (l)

(2.5)

The experimental parameters as well as thermodynamic and kinetic control on the reaction
between metal salts and urea for the formation of 3D architectures are well-known factors
influencing the nucleation and crystal growth. In our experiment, homogenously grown Co 3O4 NPs
on mildly oxidized GO sheets as well as the reduction of GO were achieved by controlling the
hydrolysis rate of Co(acac) 3 via adjusting the ethanol/H 2O ratio, concentration of urea, and reaction
temperature. GO in this study was partly reduced by growing Co 3O4 nanoparticles on the graphene
sheets in terms of chemical binding with oxygen-containing groups. Meanwhile, urea as an efficient
reducing agent, could also remove oxygen-containing groups from GO. Nitrogen was also
introduced into the carbon lattices to fill the defects created by the oxidation process.
Generally, the morphology of the material reflects its internal structure. As shown by the SEM
and TEM images of Co 3O4 and rGO/Co3O4 in Figure 2.3, respectively, it is easy to observe a
cauliflower-like nanostructure for rGO/Co 3O4, compared with the cube-like morphology obtained
for pure Co3O4. The difference is mainly attributed to the presence of graphene. Graphene layers
are made up of carbon atoms, linked by sp 2 bonds in a hexagonal lattice network. Graphene up on
oxidation, forms oxygen functional groups on the carbon atoms. When we in situ synthesize Co3O4
NPs on graphene layers, leads to Co(acac) 3 first chemically adsorbed onto GO sheets. Thus, the
Co3O4 NPs were formed and grown along with oxygen functional groups after decomposition of
urea. The morphology of these small crystals, grown on graphene is similar to a hexagonal shape.
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Finally, a cauliflower-like morphology was formed when these nanocrystals interconnected with
each other. This result is consistent with what we observed for single Co 3O4 NP in Figure 2.3c.
The content of graphene for the best electrode material, 10 wt% rGO/Co 3O4 (nominal ratio), was
determined by thermogravimetric measurements (Figure 2.4b), and was about 6.75 wt%. Both
Co3O4 and graphene contribute to the electrode capacity. 47,48 Co3O4 and Li ions follow the
electrochemical reaction below:
Co3O4 (s) + 8Li+ (aq) + 8e− → 3Co (s) + 4Li2O (s)

(2.6)

Table 2.1 Summary of the electrochemical properties of Co3O4 and carbon composites.

current density

reversible capacity

(mA g-1)

(mAh g-1)

Co3O4/graphene

50

Co3O4/CNT

electrode material

cycle

reference

935

30

23

100

781

60

55

Co3O4/C

100

1060

100

56

Co3O4/graphene

200

740

60

24

Co3O4/graphene

200

778

42

25

Co3O4/CNT

100

873

50

57

Co3O4/carbon aerogel

50

779

50

58

Co3O4/C

445

1026.9

50

59

Co3O4/graphene

400

775.2

50

60

rGO/Co3O4

890

1297

600

this work

Where, one mole of Co 3O4 reacts with eight moles of Li ions and theoretically delivers high
capacity of 895.5 mAh g-1.25 In addition, a study by Wang’s group showed that the theoretical
capacity of graphene was 744 mAh g -1 when Li ions were attached to both sides of the graphene. 49
Therefore, the theoretical capacity of 10 wt% rGO/Co 3O4 is about 885 mAh g -1 (744 mAh g-1 ×
0.0675 + 895.5 mAh g -1 × 0.9325). However, the theoretical lithium capacity of graphene is still
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not confirmed yet, Pan et al. reported a higher capacity over 744 mAh g -1.47 The theoretical capacity
of rGO/Co3O4 is expected to be over 885 mAh g -1.
Several factors were attributed to achieve high performance of rGO/Co 3O4 for LIBs applications.
A comparison indicates that the reversible capacity of the rGO/Co 3O4 is much better than those
previously reported (Table 2.1). High electron conductivity is one of the most important features
for graphene used in this application that benefits the fast Li + transfer. To achieve this goal, urea
was used as a reductant for GO to eliminate the oxygen functional groups. Meanwhile, nitrogen
was doped into the carbon lattice to reestablish the planar sp 2-hybridized structure. Nitrogen was
demonstrated to improve the electrochemical performances of graphene and graphene related
materials tremendously.50 From XPS results shown in Figure 2.6d, after careful fitting, the C-N
bond at 285.9 eV was observed for rGO/Co 3O4. The peak of the C-N bond has a relatively high
intensity suggesting the presence of nitrogen in the carbon lattice. This result was also confirmed
by the survey spectrum with the presence of a weak N peak. Another unique property of graphene
is its inherent mechanical strength. Graphene sheets serve as two-dimensional supports for the
homogenous growth of Co 3O4 NPs, in favor of mechanical stress released during Li-ion
insertion/extraction cycling. The graphene-Co3O4-graphene sandwich-like structure and the veins
within cauliflower-like Co3O4 NPs observed from SEM and TEM, respectively, suggest that
channels were formed within the Co 3O4 NPs as well as between graphene and Co 3O4 NPs, which
could not only facilitate the fast Li + transport but also provide a buffer space for the volume change
of Co3O4 NPs during Li insertion and extraction cycling. Graphene sheets were also used to
efficiently prevent the aggregation of Co 3O4 NPs. Furthermore, the high surface area of rGO/Co 3O4
derived from N2 adsorption (Table 2.2) indicates more accessible active sites in the material.
Meanwhile, the wide pore size distribution of Co 3O4 NPs, provides a short diffusion length for Li +.
All the above data explain the high capacity at a high current density, good capacity retention, long
cycling life, and excellent rate capability of the rGO/Co 3O4 anode.
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Table 2.2 The BET surface area of different materials used in our experiments.

GO (m2 g-1)

rGO (m2 g-1)

Co3O4 (m2 g-1)

rGO/Co3O4 (m2 g-1)

14

274

70

222

Co3O4 nanocrystals, after a long time of cycling, became amorphous (Figure 2.9c) indicating
that Co3O4 NPs undergo significant changes in chemistry and structure during cycling. The result
we investigated agrees well with a prior report that used identical-location TEM showing that the
NiO nanostructures completely transformed after two cycles when carbon was added. This study
demonstrates that high conductivity of graphene made the metal oxide structure amorphous which
is the root cause for good reversible capacity. 51,52
The amount of graphene in the composite greatly affects the performance of the electrodes and
was systematically studied in search of the best LIB material. For 2.5 wt%, the battery shows poor
cycling performance, consistent with that of pure Co 3O4, suggesting a lack of graphene sheets in
the composite to support excess Co 3O4 NPs and leads to the aggregation of Co 3O4 NPs during the
cycling process. This results in a large irreversible capacity loss and poor cycling stability. After
increasing the amount of graphene sheets to 5 wt%, the electrode shows the highest capacity (~1700
mAh g-1) in the first 50 cycles, which may be due to the larger effective surface and grain boundary
area of Co3O4 nanoparticles improved by additional graphene sheets. The following fast capacity
degradation may also attribute to the low amount of graphene sheets in the composite. In contrast,
batteries with 10, 15, and 30 wt% of graphene, show consistent and stable cycling performances,
but slight degradation of reversible capacity which increasing amounts of graphene, indicating that
an excess amount of graphene may increase the diffusion length for Li +. A previous study of carbon
nanofiber-Co3O4 composites attributes the extra capacity to the formation/dissolution of the film,
large effective surface, and grain boundary area of Co 3O4 NPs, which may offer extra sites for
Li+.42,53 In our work, the increasing capacity of rGO/Co 3O4 with cycling may also result from the
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gradual exfoliation of graphene layers to accommodate more sites and a low energy barrier for Li +
insertion and extraction.54
2.5 Conclusions
In summary, we have successfully grown cauliflower-like Co3O4 NPs on rGO sheets using a
newly designed facile one-step microwave-assisted hydrothermal method. The composites with
various concentrations of GO have been systematically studied as anode materials for LIBs. The
optimized rGO/Co3O4 composite shows a high surface area 222 m 2 g-1 and a wide pore size
distribution ranging from microporous to macroporous, which favors Li + transfer. Co3O4 NPs alone
made by this method shows poor performance in a lithium ion battery. However, when combined
with graphene, the Co3O4 composites exhibit a surprisingly high reversible capacity of ~1300 mAh
g-1 at a high rate of 1 C, long cycling life of over 600 cycles, and excellent rate capability. The
increased capacity for rGO/Co 3O4 may be derived from the gradually expanded and exfoliated
interlayers of rGO. The Co 3O4 crystal structure changed to an amorphous material after long term
insertion-deinsertion of Li+. The good quality of rGO may be responsible for the highly reversible
capacity retention of rGO/Co 3O4 over extended cycling. This study shows a facile synthesis and
improved electrode performance of rGO/Co 3O4, which will provide a new avenue for the
development of the next generation of energy transfer and storage devices.
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Chapter 3. Structure-Property Relationship of Graphene Coupled Metal (Ni, Co, Fe)
(Oxy)Hydroxides for Efficient Electrochemical Evolution of Oxygen

3.1 Introduction
A green living environment as well as a sustainable supply of energy drive researchers to look for new
energy resources to replace ever-depleted fossil fuels, such as coal, petroleum, and natural gas. The oxygen
evolution reaction has been extensively studied due to the key role of storing renewable energy obtained
from intermittent sources, such as the wind and sun.1,2 However, the complex process of OER (4OH− (aq)
↔ O2 (g) + 2H2O (l) + 4e−) still has many bottlenecks, including slow kinetics and requires high energy
input.3 Development of efficient, stable, and cost-effective electrocatalysts is highly desired to reduce the
overpotential (η) for water oxidation.
Noble metal (Ir, Ru) based electrocatalysts were widely studied due to their remarkable activities for
OER.4 However, the poor stability, high cost, and mineral scarcity limit practical applications. Recently,
extensive research has been focused on the synthesis of earth-abundant first row 3d transition metal-based
nanomaterials for OER in alkaline conditions, including metal (oxy)hydroxides,5 metal oxides,6 metal
phosphides,7 metal sulfides,8 and metal carbides.9 Among those nanomaterials, metal (oxy)hydroxides
based on Fe, Ni, and Co showed especially great potential for future OER electrocatalysis. Several
electrocatalysts in the literature were reported to have better OER activities than benchmark catalysts like
IrOx and RuOx.10-12 Fe-doped NiOOH is a well-known material with high OER activity under alkaline
conditions. Recently, Shin et al. demonstrated that introducing Co into NiOOH could increase the OER
activity over Ni1-xFexOOH using theoretical calculations.13 Although these materials show promising
potential as good water oxidation electrocatalysts, there are few systematic studies about the relationships
between structures and activities of Ni, Co, and Fe (oxy)hydroxides as well as their combinations through
both electrocatalytic experiments and theoretical calculations.
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Transition-metal hydroxides or oxides coupled with conductive carbon-based substrates such as
carbon nanotubes and graphene, exhibit enhanced activity and durability for water electrocatalysis.14
Benefiting from the high electrical conductivity of these carbon materials, both only charge and mass
transport efficiencies of these catalysts were significantly improved, as well as activities for OER. In
addition, large surface area and light weight carbon nanotubes and graphene usually have highly dispersed
transition metal hydroxides or oxides that provide more active sites for water oxidation. Moreover, better
chemical stability promoted by carbon materials allows catalysts to maintain their electrocatalytic activities
under harsh conditions without obvious degradation for longer times.15
In this work, we constructed a series of graphene coupled transition metal (oxy)hydroxides (Ni, Co,
Fe) utilizing a facile microwave assisted hydrothermal synthetic strategy. Graphene oxide (GO) in this
study was mildly oxidized in order to create less defects. The GO reduced by urea hydrolysis served as the
catalyst support to improve the low conductivity of transition metal hydroxides for OER. 16 Homogenous
heating stems from microwave radiation that provides regular nucleation and crystal growth environments,
and results in the uniform dispersion of transition metal (oxy)hydroxide nanoclusters on the graphene
layers. The overpotentials of all 16 well-defined electrocatalysts with specific ratios of Ni, Fe, and Co here
were carefully examined to investigate how metal stoichiometry in the composites affects the corresponding
OER activities. Material characterization of these representative electrocatalysts revealed morphological
and structural changes with the introduction of Fe into the Ni/Co system, which contributed to higher
surface areas and more abundant surface adsorbed hydroxyl groups. These results further affect the
conductivity and active sites of the electrocatalysts as confirmed by the Tafel slope and electrochemical
impedance measurements. Through DFT calculations, optimized NiCoFe ternary metal oxyhydroxide
exhibits a smaller band-gap close to its Fermi level. In addition, small free energy and overpotential are
necessary for the deprotonation step, which is determined to be the potential limiting step (PLS) for OER
catalysis. Experimental and theoretical examination of mixed-metal (oxy)hydroxides containing nickel,
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cobalt, and iron shed light on the development of OER electrocatalysts with more efficient catalytic
performance and long-term stability.
3.2 Experimental section
3.2.1 Chemicals
Sodium chloride (NaCl, ≥99.0%), sodium nitrate (NaNO3, ≥99.0%), potassium permanganate (KMnO4,
≥99.0%), sulfuric acid (H2SO4, ≥98.0%), hydrogen peroxide (H2O2, ~30%), hydrochloric acid (HCl, ~37%),
nickel nitrate hexahydrate (Ni(NO3)2∙6H2O, ≥97.0%), cobalt nitrate hexahydrate (Co(NO3)2∙6H2O,
≥98.0%), iron nitrate nonahydrate (Fe(NO3)3∙9H2O, ≥98.0%), and urea (CO(NH2)2, ≥98.0%) were
purchased from Sigma Aldrich. 2-propanol was purchased from J. T. Baker. Graphite flakes and 20 wt%
Ir/C were purchased from Alfa Aesar. Nafion (5 wt%) dispersion D520 was purchased from Fuel Cell Store.
All chemical reagents were used as received without further purification.
3.2.2 Materials synthesis
Graphene oxide. GO was made by a modified Hummers method as reported elsewhere.17,18
Metal-(oxy)hydroxide/rGO composites. Metal-(oxy)hydroxides with various concentrations of nickel,
cobalt, and iron were synthesized by adjusting the starting solutions with different nominal ratios of GO.
The volume of ethanol and total reaction solution remained unchanged. The ratios of the composites were
calculated according to the mass ratio of GO to metal-(oxy)hydroxides. Typically, 0.196 g of
Ni(NO3)2∙6H2O, 0.324 g of CO(NH2)2, and 4.7 mL of GO suspension (the GO used in the following reaction
all with a concentration of 4 mg mL-1, was determined by measuring the mass of the GO lyophilized from
a certain volume of the suspension) were added into a mixture of 2.8 mL of distilled water and 7.5 mL of
ethanol in a 20 mL reactor vial and sealed. The apparatus was equipped with a magnetic stirrer. A
homogenous solution was obtained after sonication for 15 min. The reaction was carried out in the Biotage
Initiator microwave synthesizer, which was programmed to stay at 120 °C for 30 min. The synthesized
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product was collected by centrifugation and washed with distilled water and absolute ethanol repeatedly
and dried in a vacuum oven overnight.
3.2.3 Materials characterization
The powder XRD patterns were performed on a Rigaku UltimaIV. SEM images were obtained on a FEI
Nova NanoSEM 450. TEM and element mapping images were collected using a Talos F200X microscope
equipped with an energy dispersive X-ray (EDX) detector. XPS was done on a PHI model 595 spectrometer.
Raman spectra were obtained using a Renishaw 2000 Ramascope Micro-Raman. N2 sorption measurements
were performed on a Quantachrome Autosorb-1-1C automated sorption system. The BET and BJH methods
were used for the surface area and pore size distribution calculations, respectively. TGA was performed
using a TA Instrument TGA Q-500.
3.2.4 Electrochemical studies
The electrocatalytic measurements in this work were performed in a three-electrode electrochemical
system in 0.1 M KOH solution (99.99% metal purity, pH ~13), wherein a pyrolytic graphite (PG) carbon
(5 mm diameter, 0.196 cm2) was used as the working electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a platinum wire as the counter electrode. All the electrocatalytic results were
recorded on a CHI 760E electrochemical workstation at ambient temperature (22 ± 2 °C). To prepare the
ink, 5 mg of as prepared catalyst was dispersed in a mixture of distilled water (750 μL) and isopropanol
(250 μL), followed by adding 40 μL of 5 wt% Nafion solution (Fuel Cell Store) as the binder and sonicating
for at least 30 min. Next, 8 μL of the dispersion was dropped onto a clean PG electrode, with a catalyst
loading of ~0.204 mg cm-2. The coated electrode was dried at ambient condition for electrochemical tests.
Before the electrocatalytic measurement, pure O2 (zero grade, Airgas) was purged through the electrolyte
for at least 30 min and maintained over the electrolyte during the test to ensure the saturation of the
electrolyte. The electrochemical potentials in the text were relative to the reversible hydrogen electrode (vs
RHE). Linear sweep voltammetry (LSV) was recorded in the potential ranging from 1.01 to 1.76 V with a
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scan rate of 10 mV s-1 to evaluate the OER activity of the electrocatalysts. CV was also conducted in the
same three-electrode system for the electrocatalytic studies. Electrochemical impedance spectroscopy (EIS)
was measured at an applied potential of 1.71 V in the frequency range of 0.1-105 Hz with a 5 mV amplitude.
Chronopotentiometry measurement was performed at a current density of 10 mA cm-2, without iR
compensation. The working electrode was set to a rotation speed of 1600 rpm for all the electrocatalytic
measurements. All the LSVs were 100% iR compensated.
3.2.5 Theory calculations
DFT calculations were performed using the Vienna ab initio Simulation Package (VASP), where the
projector augmented wave (PAW) method was used for the electron-ion interactions.19 The generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) was used for the exchangecorrelation functional.20 All the structural parameters were optimized using the 7×7×7 Monkhorst-Pack
type of K-points sampling and 5×5×1 for the period slab model.21 The periodic images of the slab were
separated by 14 Å of vacuum in the direction normal to the surface. The cut-off energy for the plane-wave
basis was set at 400 eV. The atomic structure was relaxed until the force on all atoms was < 0.02 eV Å -1,
and the self-consistency accuracy for electronic loops was 10−4 eV. The effective on-site Coulomb and
exchange parameters U-J were set at 4.0 eV for iron, cobalt, and nickel in the studied metal oxyhydroxide
systems.
3.3 Results
The catalysts in this study were synthesized via urea hydrolysis using a facile microwave-assisted
hydrothermal method, as shown in Figure 3.1a. Briefly, appropriate metal-urea precursor complexes were
mixed with the GO suspension by sonication and then reacted under microwaves for 30 min at 120 oC to
produce rGO coupled metal (oxy)hydroxide hybrids. GO was reduced during the urea hydrolysis process
to serve as the conductive support. A series of 16 mixed-metal (oxy)hydroxides with rGO were prepared,
formulated as Ni1-m-nComFen(OH)x/rGO, where m and n were each varied from 0 to 1 in 0.25-step
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increments, as presented in Figure 3.1b. The OER activities of all 16 catalysts were tested in 0.1 M of KOH
and evaluated by measuring the overpotential (η) at a current density of 10 mA cm-2, which is commonly
used as a reference value in previously reported OER literature. In Figure 3.1c, the overpotential of unary
metal (oxy)hydroxides on rGO follow the trend of Fe10O14(OH)2/rGO (Fe-rGO) > α-Co(OH)2/rGO (CorGO) > α-Ni(OH)2/rGO (Ni-rGO), of which pure iron displayed the highest overpotential for OER among
16 electrocatalysts. In the series of binary metal (oxy)hydroxides, the Ni-Fe mixture shows higher

Figure 3.1 (a) Schematic illustration of the microwave-assisted hydrothermal synthesis for the mixed-metal
(oxy)hydroxides coupled with rGO. (b) Composition of three transition metals in the 16 mixed-metal
(oxy)hydroxides studied in this work. (c) Overpotential needs of electrocatalysts to achieve a current density
of 10 mA cm−2. The results were compared to the commercially available 20 wt % Ir/C OER catalyst.
overpotential than other electrocatalysts. No significant improvement of overpotential was observed for the
mixture of Ni-Co compared to the unary electrocatalysts of Co-rGO and Ni-rGO. The OER activity of
nickel-iron mixture follows the trend as reported in the literature and achieved its lowest overpotential when
the composition of Ni and Fe was close to a 1:1 ratio.22 The series of ternary metal (oxy)hydroxide
42

composites displayed further improved OER activity compared to unary and binary metal (oxy)hydroxide
composites, as presented by the relative lower overpotentials. As a result, the optimized best OER
electrocatalyst of Ni0.33Co0.34Fe0.33/rGO (NiCoFe-rGO) shows much lower overpotential than the
commercial catalyst of 20 wt % Ir/C. The overpotential studies display a tendency shown in binary and
ternary metal (oxy)hydroxide systems that the transition metal ratios close to 1:1 produce relatively lower
overpotentials.

Figure 3.2 XRD patterns and correspond SEM images of three unary and one ternary transition metal
(oxy)hydroxides. From bottom to top: Ni-rGO, Co-rGO, Fe-rGO, and NiCoFe-rGO.
To gain an insight into the crystal structure and morphology, seven representative catalysts (one ternary
(oxy)hydroxide, three binary metal (oxy)hydroxides, and three unary metal (oxy)hydroxides) were studied
with powder XRD and SEM. As shown in Figure 3.2, the sharp diffraction patterns were observed for the
composites containing exclusively nickel and cobalt metals, in agreement with the α-Ni(OH)2 (JCPDS: 3843

0715) and α-Co(OH)2,23 respectively, which suggest the high crystallinity of each material. The SEM
images displayed stacked nanoflakes of all composite materials. The crystal structure of Fe-rGO can be
ascribed to six-line ferrihydrite, which presents broad diffraction peaks indicating relatively low
crystallinity of the material.24 However, the structure of six-line ferrihydrite is still under debate, with Xray diffraction studies indicate a closeness to FeOOH-types of minerals.25 A recent study suggests a
chemical formula of Fe10O14(OH)2, was used in this work.26 The diffraction pattern of NiCoFe-rGO was
indexed to the layered double hydroxides of NiFe (NiFe-LDH) (JCPDS: 51-0463), suggesting the pure
crystalline structure for the ternary metal (oxy)hydroxide.27 No discernible nanoparticles were observed on

Figure 3.3 XRD patterns of NiCo-rGO, NiFe-rGO, and CoFe-rGO.
the graphene layers for both Fe-rGO and NiCoFe-rGO, as shown in the SEM images. The selected binary
metal (oxy)hydroxides, Ni0.44Fe0.56(OH)x/rGO (NiFe-rGO) and Co0.5Fe0.5(OH)x/rGO (CoFe-rGO)
composites have the same structure (Figure 3.3) as Fe-rGO, while Ni0.43Co0.57(OH)x/rGO (NiCo-rGO) is
similar to Ni-rGO and Co-rGO.
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Figure 3.4 TEM images of (a) Ni-rGO, (b) Co-rGO, (c) Fe-rGO, and (d) NiCoFe-rGO. The insets show the
SAED pattern. (e, f) HR-TEM and STEM images of NiCoFe-rGO. (f1-f6) correspond EDX mapping.
TEM was conducted to study the structure and morphology of the materials. As presented in Figures
3.4a and 3.4b, large nanoflakes of α-Ni(OH)2 and α-Co(OH)2 with measured diameter of > 200 nm, were
wrapped by the transparent graphene layers, suggesting the successful growth of metal hydroxides on
graphene. The distinct SAED rings indicate good crystallinity for both materials, consistent with the sharp
XRD peaks observed above. NiCo-rGO adopt the same nanosheet morphology (Figure 3.5) as the Ni-rGO
and Co-rGO. In Figure 3.4c, ultra-small Fe10O14(OH)2 nanoparticles were evenly grown on the surface of
graphene layers. The inset SEAD image shows two discernible diffraction rings, with measured d-spacings
of 1.48 and 2.5 Å. All Fe-containing electrocatalysts showed ultra-small nanoparticles, including the ternary
hybrid of NiCoFe-rGO (Figure 3.4d) and the binary materials of NiFe-rGO and CoFe-rGO (Figure 3.5).

45

HR-TEM image in Figure 3.4e revealed an average size < 5 nm for NiCoFe-rGO. A d-spacing of 0.22 nm
was measured from the displayed lattice fringes, and corresponds to the (015) planes of the crystal. The
scanning transmission electron microscopy (STEM) image in Figure 3.4f and EDX mapping images in
Figure 3.4f1-f6 reveal uniform distributions of each element. Similar results were also observed for
composites NiCo-rGO, NiFe-rGO, and CoFe-rGO (Figure 3.6).

Figure 3.5 SEM, TEM, and SAED images of NiCo-rGO (a, b, c), CoFe-rGO (d, e, f), and NiFe-rGO (g, h,
i).
The textural properties and porosities of the electrocatalysts were revealed by N2 sorption measurements.
In Figure 3.7a, the hysteresis loop shapes of the studied electrocatalysts are in agreement with Type-H3
(IUPAC). The calculated average pore size of ~3.8 nm is due to the space between parallel layers (Figure
3.7b).28 The BET surface areas of the representative electrocatalysts are summarized in Table 3.1. All iron
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containing electrocatalysts exhibit higher surface areas, of which Fe-rGO displayed the highest among all
others. The properties of rGO and catalyst composition were further studied by Raman spectroscopy. In
Figure 3.7c, all the electrocatalysts displayed characteristic D, G, 2D, and D + G bands of rGO at 1360,
1590, 2705, and 2930 cm-1, respectively. In addition, the measured intensity of the Raman G band is higher
than the D band, indicating the successful reduction of GO in the catalysts.29 The actual weight percent of
graphene in the composites was determined by thermo gravimetric analysis. In Figure 3.7d, NiCoFe-rGO
with an original GO loading amount of 30 wt% exhibits an additional weight loss of 14.65 wt% at
temperatures above 300 °C in comparison with the reference sample of Ni0.33Co0.34Fe0.33(OH)x (NiCoFe),
which is mainly attributed to the decomposition of rGO. The loading amount of GO for all the other
electrocatalysts was the same as NiCoFe-rGO.

Figure 3.6 EDX mapping images of NiCo-rGO (a), NiFe-rGO (b), and CoFe-rGO (c).
XPS was carried out to investigate the speciation of each metal ion in the electrocatalysts. As shown in
Figure 3.8, the fitting of high-resolution Ni 2p spectra at 855.3 eV was ascribed to the Ni 2p3/2 transition,
suggest the dominant oxidation state of 2+ exists in the studied electrocatalysts. 30 In addition, the Co 2p3/2
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spin-orbit coupling peak at 780.8 eV is related to Co2+.31 The Fe 2p spectra show a Fe 2p3/2 binding energy
of 710.9 eV, indicating an oxidation state of 3+ for the Fe.31 No obvious oxidation state change was found
for metal cations of the electrocatalysts studied above. Moreover, surface elemental compositions of the
representative mixed-metal catalysts were also determined and are listed in Table 3.1. As a result, all
measured electrocatalysts show elemental ratios of compositions close to the corresponding precursor
solutions.

Figure 3.7 (a) N2 sorption isotherm, (b) BJH desorption pore-size distribution, and (c) Raman spectra of
seven representative samples. (d) TGA curves of NiCoFe and NiCoFe-rGO.
The OER activities of all electrocatalysts were evaluated using a three-electrode system in 0.1 M KOH
(O2-saturated) electrolyte. All the electrocatalytic measurements were performed on a rotating disk
electrode (RDE) with a rotation speed of 1600 rpm for the removal of generated oxygen bubbles and
reducing diffusion effects. LSV was applied to evaluate the OER activities of electrocatalysts at a scan rate
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of 10 mV s-1 as shown in Figure 3.9a. NiCoFe-rGO with the measured Ni:Fe:Co atomic ratio of 1:1:1,
exhibits an early onset overpotential of 0.29 V (the start point of Tafel slope region) and a small
overpotential of 0.332 V (Table 3.1) at a current density of 10 mA cm-2. The sharp increase of the current
between 1.53 and 1.6 V, demonstrates its extraordinary OER activity. In addition, NiFe-rGO electrocatalyst
containing 44 % Ni and 56 % Fe displays close OER activity to NiCoFe-rGO, which has the onset
overpotential of 0.3 V and overpotential at 10 mA cm-2 of 0.342 V. Most importantly, NiFe-rGO shows the
best OER performance among the series of binary NiFe (oxy)hydroxide electrocatalysts in great agreement

Figure 3.8 High resolution XPS spectra of Ni 2p (red), Co 2p (blue), and Fe 2p (black) recorded on seven
representative catalysts. Raw data are shown by dots, and the fitted results are shown as solid lines.
with the best composition previously reported.32 Other catalysts such as Ni-rGO, Co-rGO, NiCo-rGO, and
CoFe-rGO show similar OER performances with slow increase of current density, suggesting sluggish
reaction kinetics toward OER. To better understand the kinetics of the selected OER electrocatalysts, Tafel
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slopes obtained from the LSV polarization curves are presented in Figure 3.9b. The electrocatalysts without
Fe present higher Tafel slopes. For example, NiCo-rGO affords a Tafel slope of 109 mV dec-1 in the same
order of the exclusive Ni-rGO (94 mV dec-1) and Co-rGO (106 mV dec-1). The presence of iron in
electrocatalysts lowers the Tafel slopes to ~60-70 mV dec-1, especially the optimized NiCoFe-rGO with a
Tafel slope of 51 mV dec-1. This phenomenon was also observed by Smith et al.33
Table 3.1 BET surface area, chemical composition, and OER catalytic activities.

catalyst

Ni-rGO
Co-rGO
Fe-rGO
NiCo-rGO
NiFe-rGO
CoFe-rGO
NiCoFe-rGO

normalized
composition by
XPS (atomic %)

BET
surface
area (m2
g-1)

η (V)

Tafel
slope
(mV
dec-1)

Cdl
(mF)

TOF at
η=0.3
V (s-1)

mass
activity
at η=0.3
V (A g-1)

Ni

Co

Fe

105

100

0

0.32

0.411

94

1.52

0.0026

9.08
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0

0

0.32

0.415

106

0.62

0.0017

6.03

423

0

100

0.38

0.561

62

0.17

0.0001

0.17

43

57

0

0.32

0.408

109

2.11

0.0021

7.34

394

44

0

56

0.30

0.342

61

3.54

0.0038
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In addition, we conducted EIS measurements under OER reaction conditions at 1.71 V, between 0.1 and
105 Hz, for the purpose of revealing the charge and ionic transport efficiencies of all the electrocatalysts. In
Figure 3.9c, the small arc present in the high frequency region is attributed to the uncompensated solution
resistance (Rs), which is comparable for all electrocatalysts.34 The charge transfer resistance (Rct) obtained
from a fitted equivalent circuit model was studied to probe the reaction kinetics as displayed in Figure 3.10
and results are listed in Table 3.2. NiCoFe-rGO and NiFe-rGO showed much less Rct at ~40 Ω, while NirGO, Co-rGO, and NiCo-rGO had an intermediate Rct ranging from 60 to 70 Ω. CoFe-rGO exhibited the
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close Rct to Fe-rGO, which had the largest (95 Ω). Overall, the order of Rct measured by EIS in agreement
with the trend in OER activity for all the electrocatalysts, but in a reverse relationship. Mixing of Ni and Fe
significantly reduced the Rct of the electrocatalyst, led to higher ionic conductivity, and a faster electron
transfer rate.

Figure 3.9 (a) LSV curves of seven representative catalysts (scan rate 10 mV s-1). (b) Tafel slopes calculated
from LSVs. (c) Nyquist plots obtained from EIS measurements at a potential of 1.71 V under frequency
range from 0.1 to 105 Hz. (d) Chronopotentiometry curve for NiCoFe-rGO measured at a current density of
10 mA cm-2. All data were collected in 0.1 M KOH at a rotation speed of 1600 rpm.
Long-time durability is another crucial factor for electrocatalysts. NiCoFe-rGO was selected for stability
studies using the chronopotentiometry technique at a constant current density of 10 mA cm-2. As shown in
Figure 3.9d, the potential of the electrolysis slightly dropped in the first 1 hour followed by a positive
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recovery, and then maintained at ~1.65 V for more than 20 h, which demonstrates the excellent durability
of the electrocatalyst.
Table 3.2 Resistance values of fitted equivalent circuit corresponding to the EIS spectra.

catalyst

Rs (Ω)

Rct (Ω)

Ni-rGO

60

69

Co-rGO

54

76

Fe-rGO

44

95

NiCo-rGO

55

65

CoFe-rGO

71

93

NiFe-rGO

46

44

NiCoFe-rGO

52

42

Figure 3.10 Equivalent circuit used to obtain charge transfer resistance of the OER catalysts. Rs is the
resistance of the electrolyte. Rct is the charge transfer resistance. CPE is the constant phase element.
3.4 Discussion
We grew different metal (oxy)hydroxides on rGO as the graphene has been proven as a sufficient
substrate with high surface area, light weight, good conductivity, and chemical stability. In addition, the
synergistic coupling between graphene and active materials would also enhance the performance for
electrocatalysis. To study the effects of graphene, we have loaded different amounts of GO into the Ni
system during the synthesis process. The nuclei of α-Ni(OH)2 were chemically adsorbed and in situ grown
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onto the surface of graphene layers. As a result, the OER performance of the catalyst was significantly
improved by introducing the rGO, but depended on the loading amounts (Figure 3.11). The hybrid catalyst
with 30 wt% of GO displayed the highest activity for OER, which was used in this work. Decreasing the
GO loading amount to 10-20 wt% induced a reduction in OER activity, indicating that the interface between
α-Ni(OH)2 and graphene layers generates more active reaction sites.35 On the contrary, overloading of GO
to 40 wt% led to the inefficient removal of oxygen-containing functional groups, and resulted in a decreased
conductivity of rGO, which further affected the electrocatalytic activity.36

Figure 3.11 Cyclic voltammograms of pure α-Ni(OH)2 as well as supported by different amounts of rGO.
Data were collected in 0.1 M KOH at a scan rate of 10 mV s-1. All CVs were 100% iR compensated.
Besides the high conductivity provided by rGO, a structural configuration change caused by the
incorporation of extraneous metal also contributed to the varied OER performances. Considering the
insulating property of Ni(OH)2, introducing Fe significantly increased the conductivity of NiOOH, which
might be due to the change of the carrier concentration associated with the Fe incorporation.37,38 However,
the introduction of Fe dramatically lowered the conductivity of CoOOH, as displayed by the higher Rct for
CoFe-rGO than for Co-rGO based on the EIS measurements, which is consistent with the results reported
by Burke et al.39 From the TEM characterization in Figure 3.4, Fe incorporation led to isolated Ni(OH)2
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and Co(OH)2 sheets from a few hundred nanometers to less than 5 nm. This process generates more edge
sites and defects on the catalysts, which are always considered as the active sites for OER.40 In addition, Fe
incorporation also induced structural disorder and increased spacing between sheets of (oxy)hydroxides, as
shown in the shifts of diffraction patterns and relative intensity changes (Figure 3.3).39 This facilitates OH¯
intercalation during the process of oxidizing Ni(OH)2/Co(OH)2 to NiOOH/CoOOH.

Figure 3.12 Cyclic voltammograms of (a) Co-rGO, (b) NiCo-rGO, (c) Ni-rGO, (d) CoFe-rGO, (e) NiCoFerGO, (f) NiFe-rGO, and (g) Fe-rGO at 5 mV s-1, 10 mV s-1, 25 mV s-1, 50 mV s-1, and 100 mV s-1 different
scan rates. Data were collected in 0.1 M KOH at a rotation speed of 1600 rpm.
Surface area was demonstrated as a critical factor influencing the electrochemical activity performance
of the electrocatalyst.41,42 N2 sorption studies show high BET surface areas of seven graphene coupled
hybrid materials (Table 3.1). The OER electrocatalysis of the composites also displayed significant
promotion in activity after coupling with graphene (Figure 3.11). In order to unambiguously reveal the
relationship between the OER activity and surface area, we further measured the electrochemical double
layer capacitance (Cdl) to estimate the electrochemically active surface area (ECSA) of the electrocatalysts.
The Cdl was measured via CV in a non-faradic potential range of -0.1 – 0 V (vs SCE) at different sweep
rates (Figure 3.12).43 As a result, NiCoFe-rGO and NiFe-rGO exhibit Cdl of 4.11 and 3.54 mF, respectively,
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in line with their high OER activities. Fe-rGO produced Cdl of only 0.17 mF, which explains the low
reactivity for OER, even with the highest BET surface area.
The surface redox properties of the selected electrocatalysts were studied in Ar saturated 0.1 M KOH
utilizing the CV technique. In Figure 3.13a, Co-rGO displays prominent redox peaks at ~1.0-1.3 V, which
can be assigned to the following reactions of Co(OH)2:44,45
Co(OH)2 (s) + OH− (aq) ↔ CoOOH (s) + H2O (l) + e−

(3.1)

CoOOH (s) + OH− (aq) ↔ CoO2 (s) + H2O (l) + e−

(3.2)

Figure 3.13 CV polarization curves of the graphene coupled hybrids containing (a) single or (b) mixed
metal (oxy)hydroxide compositions. All data were collected in Ar-saturated 0.1 M KOH solution at a scan
rate of 20 mV s-1 without iR compensation.
The strong oxidation peak of Ni-rGO at 1.48 V was attributed to the oxidation of α-Ni(OH)2 to γNiOOH, while the broad reduction peak at 1.33 V was ascribed to the successful regeneration of αNi(OH)2.46 However, no distinct redox peaks were measured for Fe-rGO. CV polarization curves of the
binary and ternary metal (oxy)hydroxide hybrids generated substantially different redox behavior relative
to the mono metal (oxy)hydroxides (Figure 3.13b). NiCo-rGO produced a dominant oxidation peak at 1.45
V (start at ~1.25 V), with the reduction peak shifting to 1.18 V. NiFe-rGO adopted the same redox peak
positions as Ni-rGO, but without current density drop during the oxidative process prior to OER. Oxidative
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scans of NiCoFe-rGO displayed a moderate precatalytic oxidation peak at 1.32 V, assigned to the oxidation
of Ni2+ and Co2+ to Ni3+/Ni4+ and Co3+/Co4+, respectively. The following plateau prior to the OER region is
due to further oxidation of 3+ transition metals to 4+, as the studies suggest Ni 4+, Co4+, and Fe4+ all might
act as the active sites for OER.32,40,47-51

Figure 3.14 XPS O 1s regions of the seven representative catalysts. Raw data are shown by blank dots, and
the fitted results are shown as blank solid lines. The O 1s peaks were deconvoluted into lattice oxygen
(OOL), surface hydroxyl group (OOH), and adsorbed molecular water (Omw) three major contributions, as
shown in blue, red, and grey solid lines, respectively. All the spectra were calibrated to the C 1s transition
set at 284.6 eV.
We further deconvoluted the O 1s spectra in the hope of exploring the surface oxygen deficiencies of
the selected electrocatalysts, as structural defects are often considered as providing more active sites for
OER.42,52 As shown in Figure 3.14, three major components of lattice oxygen (OOL) at 530.3 ± 0.4 eV,
surface hydroxyl group (OOH) at 531.8 ± 0.3 eV, and adsorbed molecular water (O mw) at 533.2 ± 0.7 eV
were confirmed for the seven representative electrocatalysts, of which the corresponding quantified results
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are summarized in Table 3.3. As a result, NiCoFe-rGO and NiFe-rGO stand out for the OOH concentrations
as high as 74% and 70%, respectively. The surface hydroxyl groups are considered to make the electrode
surface more hydrophilic and facilitate the transportation of molecules/ions to the active sites. 53 DFT
calculations by Li et al. suggest that surface hydroxyl groups could also participate in the electrochemical

Figure 3.15 Calculated electronic band structure of (a) NiOOH, (b) NiFeOOH, and (c) NiCoFeOOH. (d)
Free energy plots for the OER pathway on (001) surfaces of NiOOH, NiFeOOH, and NiCoFeOOH. (e)
Atomic structure of NiCoFeOOH (001) surface with HO* adsorbed on an O-site.
water oxidation.54 Moreover, NiCoFe-rGO displayed an OOL concentration of only 13%, the lowest among
measured electrocatalysts, which may give rise to the superior OER activity. Co-rGO, Ni-rGO, and NiCorGO exhibit low concentrations of OOH but high OOL groups (> 60%), suggesting good crystallinity of the
materials, in line with the XRD and SAED analyses. These findings may also explain the trends in Tafel
slopes as shown in Figure 3.9b, which reveal that the higher relative concentration of surface hydroxyl
groups lead to lower Tafel slopes.
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Advanced studies of NiCoFe-rGO with high OER activity were further conducted utilizing DFT
calculations. Ni- and Co-based materials were oxidized into the intermediates of metal oxyhydroxides
during the OER reaction. For the calculation, we selected structural models of NiOOH, NiFeOOH, and
NiCoFeOOH and calculated their electronic band structures. All three metal oxyhydroxides displayed semiconductive properties. As shown in Figure 3.15a, NiOOH exhibits a larger dispersion of hybridized orbitals
compared to the NiFeOOH (Figure 3.15b). However, Co incorporation further lowers the band-gap of
NiFeOOH close to the Fermi level (Figure 3.15c), suggesting the improvement of conductivity after
introducing Fe and Co. In addition, the coupling between the electron orbit and reactant orbit due to the
energy band structure near the Fermi level is also relevant to the enhanced electrochemical OER activity.
Thus, we establish the (001) surface models of NiOOH, NiFeOOH, and NiCoFeOOH to examine the OER
performances. Four elementary steps were involved in each OER cycle, including HO*, O*, HOO* and
O2.40 In Figure 3.15d, the free energy and overpotential needed in each step of the OER reaction were
calculated for different electrocatalysts, where deprotonation of the adsorbed HO* (HO* → O* + H+ + e-)
was determined to be the potential limiting step (Figure 3.15e) due to the high free energy change (ΔG).55
NiCoFeOOH presents a lower ΔG2 value of 1.58 eV and a calculated overpotential of 0.46 V, compared to
the ΔG2 of 1.65 eV and η of 0.51 V for NiFeOOH and ΔG2 of 1.82 eV and η of 0.67 V for NiOOH, indicating
the origin of the enhanced OER activity.
3.5 Conclusions
In summary, a series of multinary transition metal (oxy)hydroxides formulated as Ni1-mnCo mFen(OH)x/rGO

were successfully grown on graphene nanosheets utilizing a facile microwave assisted

hydrothermal synthetic strategy. The morphological characterization of the metal (oxy)hydroxides revealed
that the presence of iron produced nanoparticles less than 5 nm grown on graphene layers, which led to a
high surface area. In addition, iron incorporation also results in a disordered structure as well as abundant
oxygen deficiencies on the surfaces of materials. In terms of OER kinetic parameters, small amounts of
iron (concentrations of <50%) present in both NiFe and NiCoFe systems induced a significant improvement
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of overpotential. The binary metal hydroxides containing Ni and Co did not show optimal catalytic activity.
The trend in Tafel slopes is related to surface oxygen deficiencies, while all the iron containing
electrocatalysts produced lower Tafel slopes. The high OER activity of the ternary metal hydroxide is also
in line with its improved conductivity. Both experimental and theoretical studies exhibited a relationship
between structures and surface properties of the transition metal (oxy)hydroxide electrocatalysts relevant
to their high OER activity, and provided a solid foundation for the design of efficient mixed-metal
electrocatalysts.
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Chapter 4. Hierarchical Mesoporous NiO/MnO2@PANI Core-Shell Microspheres Highly
Efficient and Stable Bifunctional Electrocatalysts for Oxygen Evolution and Reduction
Reactions

4.1 Introduction
Under the pressure of energy shortages and environmental pollution, traditional fossil fuels are
inevitably and gradually replaced by green-clean energy from the wind, sun, and other renewable sources.
However, the intermittent nature of these renewable energy sources has greatly restricted them from largescale applications. Thus, the development of efficient energy storage and conversion devices has received
tremendous attention in the past several years.1,2 OER and ORR are playing critical roles in energy
conversion and storage devices like metal-air batteries and PEMFCs, respectively, but limited by the
sluggish kinetics.3,4 To overcome this problem, various catalytic materials have been studied for efficient
water splitting: (1) noble metals or noble metal based materials;5 (2) transition metal oxides,6,7 hydroxides,8
sulfides,9 carbides,10 phosphides,11 selenides,12 as well as their modified catalysts; (3) transition metal
alloys;13 (4) transition metal/metal compounds supported by carbon-based carriers;15 (5) free metal,
inorganic elements doped in carbon-based carriers.16 Among the numerous catalysts reported to date, noble
metal Pt and Pt based materials are known to be the best for ORR, while Ir and Ru oxides are the best for
OER.17 Nevertheless, these materials are not efficient for bifunctional oxygen electrode activity, and both
are scarce and expensive. Thus, it is still a major challenge to design an efficient bifunctional catalyst with
significant overpotentials for both OER and ORR.
Transition-metal based electrocatalysts (e.g. Ni, Fe, Co, Mn) have been extensively studied for the
potential of replacing noble-metals.18,19 Manganese oxides have been used due to their low cost,
environment friendliness, abundant availability, as well as the diverse crystal structures.20 Inspired by the
discovery of the Mn4O4Ca cluster which is catalytically active for oxidizing water in oxygenic photosystems
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Ⅱ in nature,21 efforts have been made to mimic this unique cubane-like structure by using manganese
oxides.22–24 Manganese oxides were generally recognized to have a better ORR performance than OER
since first reported in the 1970s.25,26 Nickel materials have also received special attention due to their good
water oxidation potential and earth abundant nature. Various Ni based materials, for instance, nickel
oxides,27 hydroxides,28 sulfides,29 phosphides,30 and perovskites have been studied to achieve high OER
activities.
Mesoporous materials, especially mesoporous transition metal oxides, benefit from several properties,
such as high surface areas, tunable pore sizes and shapes, various structures, and a multitude of
compositions. These systems have attracted enormous interest in the fields of catalysis, adsorption, lithiumion batteries, sensors, and nanodevices, since the first discovery in 1992.31–33 Popular ways for the
preparation of mesoporous materials include “hard” and “soft” templating methods. After the first report of
the general synthesis method of mesoporous materials using an inverse micelle template, UCT mesoporous
materials have been widely applied in heterogeneous catalysis and exhibit good performances.34–36
Herein, we report a facile modified UCT synthesis method with a unique mesoporous core and layered
shell structure. To design the active and stable bifunctional electrocatalyst step by step, the following
aspects were taken into consideration. First of all, mesoporous manganese oxide was prepared. Mesoporous
transition metal oxides, with unique mesoporous structures and high surface areas, show higher activity as
bulk materials in catalytic reactions. In addition, incorporating Ni enhances the electrocatalytic activity of
the mesoporous manganese oxide.28,37 The strategy that is widely used to improve the catalytic performance
of these metal oxides is to combine them with a variety of elements (e.g., Pt, Ni, Cs, Mg, Pd). Roche et al.
reported that Ni and Mg doped MnOx/C nanoparticles show improved ORR activities toward direct 4e−
pathways. The MnⅢ/MnⅣ species stabilized with the dopants may assists the second charge transfer to
oxygen adatoms and results in an enhanced rate for ORR.38 El-Deab et al. modified Pt electrode surfaces
by electrodeposition of MnOx nanoparticles, which exhibits superior ORR activity compared to pure Pt.39
That design improved the conductivity of the material. Transition metal oxides, especially manganese
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oxides, shown poor electrocatalytic performance mainly due to their low electronic conductivity. Coating
with conductive materials is a wise strategy to solve this problem. PANI as a conductive polymer, was
selected due to attractive traits, such as light weight, high conductivity, mechanical flexibility, and low cost.
Jing et al. reported on the synthesis of ternary PANI-graphene-TiO2 material for photoelectrocatalytic water
oxidation and found the presence of PANI enhances solar energy harvesting, facilitates charge separation,
as well as improves the electron transfer rate.40 Xu et al. also reported a supercapacitor electrode material
by growing PANI nanowire arrays on graphene oxide.41

Scheme 4.1 Schematic illustration of the formation process of core-shell structural of mesoporous
NiO/MnO2@PANI materials.
The synthesis process for the bifunctional catalyst is shown in Scheme 4.1. A unique spherical
mesoporous NiO/MnO2 material was obtained in one step by modifying the facile UCT method. The
amount of solvent was found to be critical in order to obtain the core-shell structure material. The diameter
of the NiO shell varies with the doping content of the Ni. Coating with the conductive polymer PANI was
found to efficiently improve the electrocatalytic performance of the catalyst. Various synthesis factors (for
instance, the amount of solvent (1-butanol), the content of Ni, calcination temperature, as well as the coating
amount of PANI) were investigated for forming the best bifunctional catalyst. The electrocatalytic results
show that the optimized mesoporous NiO/MnO2@PANI core-shell catalyst exhibits high activity for both
OER and ORR, which are comparable to the state-of-the-art catalysts IrO2 and RuO2, and Pt, respectively.
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4.2 Experimental section
4.2.1 Chemicals
All chemicals were used as received without further purification. Manganese nitrate tetrahydrate
(Mn(NO3)2·4H2O, ≥ 98%), nickel nitrate hexahydrate (Ni(NO3)2·6H2O, ≥ 98%), 1-butanol (anhydrous,
99.8%), poly(ethylene glycol)-block-poly(propylene glycol)-block -poly-(ethylene glycol) (Pluronic P123,
PEO20PPO70PEO20, molar mass 5,750 g mol-1), polyvinylpyrroldine (PVP, molar mass 10,000 g mol-1),
concentrated hydrochloride acid (HCl, ~36.5%), and potassium hydroxide (KOH, 99.99%) were purchased
from Sigma-Aldrich. Concentrated nitric acid (HNO3, 68-70%) and isopropanol (anhydrous, 99.5%) were
purchased from J. T. Baker. Carbon black (Vulcan XC-72) and 5 wt% Nafion dispersion D520 was
purchased from Fuel Cell Store. Ammonium persulfate (APS, (NH4)2S2O8, ≥ 98%) and aniline (C6H5NH2,
≥ 99%) were purchased from Fisher Scientific.
4.2.2 Materials synthesis
Mesoporous MnO2. The material was synthesized as reported before.34 Specifically, 20 mmol of
Mn(NO3)2·4H2O was dissolved in a certain amount of 1-butanol under stirring at room temperature. To this
solution, 3.4 mmol of P123 and 32 mmol of HNO3 were added and stirred until the solution became clear.
The obtained clear solution was then placed in an electric oven at 120 °C for about 2 h in air to get a black
gel. The gel was cooling down to room temperature, and washed with ethanol several times. The dried
powders were heat treated at different temperatures as described in the literature.
Mesoporous NiO/MnO2. The synthesis procedure was the same as above, except an additional amount
of Ni(NO3)2∙6H2O (Ni to Mn mole ratio of 5%, 10%, 20%, and 30%) was added to the system. Different
amounts of 1-butanol (80, 120, 160, and 200 mmol) were used for the optimization of the synthesis.
PANI modified mesoporous NiO/MnO2. PANI coating was prepared as previously reported.
Typically, 50 mg of mesoporous NiO/MnO2 and 0.5 g of PVP were dispersed in 50 mL (0.03 M) of HCl
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solution. The mixture was successively sonicated, vacuum dried, and stirred several times to guarantee the
adsorption of PVP was complete. Next, different volumes of aniline were added into the solution under
stirring for 3~4 h. Then a given amount of APS was added into the above-mentioned mixture to start the
oxidative polymerization reaction under a stirring rate of 350 rpm for 12 h. After the reaction, the product
was washed with deionized water and ethanol several times, and dried at room temperature to obtain the
desired PANI coated mesoporous NiO/MnO2. The optimized catalyst was named NiO/MnO2@PANI.
4.2.3 Materials characterization
The crystal structure of the materials was studied with the aid of a Rigaku Ultima IV diffractometer (Cu
Kα radiation, λ=1.5406 Å). The powder XRD patterns were collected from 5 to 75° under a working
voltage of 40 kV and current of 44 mA. N2 sorption analysis was performed with an automated sorption
system using a Quantachrome NOVA 2000e machine. The samples were degassed under helium at 120 °C
for 3 h (100 °C, 6 h for PANI coated samples) before tests. The surface area and pore volume were
calculated using the BET and BJH methods, respectively. A FEI Nova NanoSEM 450 was used to
investigate the surface morphologies of the catalysts, with a working voltage of 2.0 kV. HR-TEM and
STEM measurements were carried out using a Talos F200X microscope operating at 200 kV equipped with
an EDX detector. Focused ion beam (FIB) measurements were conducted on a FEI Helios Nanolab 460F1
operating at 30 kV. XPS was investigated on a PHI model 590 spectrometer with multiprobes (Al-K
radiation, λ=1486.6 eV). A TA Instruments TGA Q-500 was used to measure the weight loss of samples
with the temperature increasing in oxidizing atmospheres. Raman spectra were collected on a Renishaw
2000 Raman microscope (Ar+ laser, 514.4 nm). A Varian AA 240 FS spectrometer was used for the atomic
absorption spectroscopy (AAS) study. Different concentrations of Ni and Mn standard solution (5, 10, 15,
20, and 25 ppm) were used for the test. Ni and Mn elements were analyzed at 341.5 and 403.1 nm,
respectively.
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4.2.4 Electrochemical Measurements
The electrochemical performances of the as-prepared catalysts were tested on a CHI 760E
electrochemical workstation at room temperature, using a pyrolytic graphite electrode (PG, 5 mm diameter,
0.196 cm2) as the working electrode, a SCE as the reference electrode, a platinum wire as the counter
electrode, and a 0.1 M KOH solution (99.99% metal purity, pH ~13) as the electrolyte. The working
electrode preparation is described as follows: 4 mg of catalyst sample and 1 mg of Vulcan XC-72 were
dispersed in an aqueous solution (mixed with 0.75 mL of DI water, 0.25 mL of isopropanol, and 40 μL of
5 wt% Nafion). The resultant ink was sonicated in an ice-bath for more than 30 min to ensure the
components are fully dispersed. Then 10 μL of ink was dropped onto the PG electrode, with a mass loading
of ~0.245 mg cm-2. The ink was air-dried overnight at ambient temperature before running electrochemical
measurements. As comparison, the commercial samples of 20 wt% of Pt-C and 20 wt% of Ir-C (no carbon
black added) electrodes were prepared by using the same procedure. The potentials are all converted to the
RHE in this work.
We studied the CV in a rotating system. Before each experiment, the cell was bubbled with O 2 (zero
grade, Airgas) for more than 30 min, and kept the O2 flow over the electrolyte throughout the
electrochemical measurements. All the CVs were iR compensated (100%) and recorded with the potential
ranging from 1.01 to 1.76 V for OER and from 1.01 to 0.31 V for ORR, at a scan rate of 10 mV s -1 and
rotation speed of 1600 rpm. The CV data were recorded until a reproducible scan was obtained. For the
background currents analysis, Ar (UHP, Airgas) was used and the other conditions were kept unchanged.
The system for the LSV measurements is the same as stated above. All the LSVs were iR compensated
(100%) and measured at a rotation speed of 1600 rpm and a scan rate of 10 mV s-1, with the potential
ranging from 1.01 to 1.76 V for OER and from 1.01 to 0.31 V for ORR. The electron transfer number n,
was calculated using the Koutecky-Levich equation on the basis of the LSVs data, which were recorded at
different rotation speeds from 1.01 to 0.31 V with a scan rate of 10 mV s-1.
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EIS tests were performed in O2-saturated KOH solution (0.1 M) at 1.71 V with a rotation speed of 1600
rpm. Impedance spectra were recorded in a frequency range from 0.1 to 105 Hz with a 5 mV amplitude. All

the tests were done in O2-saturated 0.1 M KOH solution with the working electrode rotation speed
of 1600 rpm without iR compensation. The OER durability tests were performed based on a
chronopotentiometry method with the potential range set between 1.51 and 2.01 V and current
density kept at 10 mA cm-2. The ORR stabilities were done using a chronoamperometric approach
with the potential kept at 0.71 V. In addition, all relative calculation formulas for the
electrochemistry expression were listed in the supporting information.
4.3 Results
4.3.1 Materials characterization
Mesoporous manganese oxide (γ-MnO2), NiO/MnO2 composite, as well as the material after PANI
coating (NiO/MnO2@PANI) were prepared by our newly developed approach as stated above. As indicated
by SEM images in Figure 4.1a, the γ-MnO2 synthesized by this method, shows a spherical morphology,
and the microspheres were closely stacked by small nanoparticles to form mesoporous structures. After
adding Ni, a unique NiO/MnO2 composite was formed, as shown in Figure 4.1b, where the core retains
mesoporous properties, and was wrapped by layers of unfolded thin films to give sponge-shaped particles.
The SEM images in Figure 4.1c indicate that after coating the conductive PANI polymer on the surface,
more open pores were formed for the NiO/MnO2 composite. The XRD pattern in Figure 4.1d shows the
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Figure 4.1 SEM images of (a) γ-MnO2, (b) NiO/MnO2, and (c) NiO/MnO2@PANI. Insets are the low
magnifications of the selected area. (d) XRD patterns, (e) N2 sorption, and (f) Raman spectra for γ-MnO2,
NiO/MnO2, and NiO/MnO2@PANI.

Figure 4.2 TGA curves for NiO/MnO2 and NiO/MnO2@PANI.
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crystal phase of the manganese oxide prepared by this procedure can be attributed to γ-MnO2 (JCPDS 140644).42 Both γ-MnO2 and NiO (JCPDS 75-0197) diffraction peaks were found to exist after adding the Ni
source during the synthesis process. The N2 sorption isotherm of NiO/MnO2@PANI in Figure 4.1e displays
the highest adsorption volume, which exhibits a high BET surface area of 233 m2 g-1 and a pore size of 3.6
nm, as summarized in Table 4.1. In comparison, γ-MnO2 and NiO/MnO2 have a BET surface area of 34 m2
g-1 and 173 m2 g-1, respectively. Raman spectra in Figure 4.1f show one characteristic band at 652 cm-1 for
γ-MnO2, which is attributed to the υ3(Mn-O) vibration.43 The two bands centered at 580 cm-1 and 1083 cm1

for NiO/MnO2, correspond to the υ2(Mn-O) vibration of MnO6 groups of MnO2 and two-phonon (2P)

Figure 4.3 TEM images for (a) NiO/MnO2 and (b) NiO/MnO2@PANI. SAED pattern (b1), and HR-TEM
image (b2) for NiO/MnO2@PANI. HAADF-STEM images for (a1) NiO/MnO2 and (b3) NiO/MnO2@PANI.
EDX elemental mapping images (a2-a4) for NiO/MnO2 and (b4-b8) NiO/MnO2@PANI.
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scattering of NiO, respectively.43,44 The four Raman bands observed at 1230, 1329, 1400, and 1563 cm-1,
demonstrate that PANI was successfully coated on the surface of NiO/MnO2.45 The TGA result of
NiO/MnO2@PANI shows about 8 wt% loss of mass below 350 °C, implying the decomposition of PANI
(Figure 4.2). The losses of mass for NiO/MnO2 and NiO/MnO2@PANI between 400 °C and 500 °C are
due to the decomposition of residual carboxyl and nitrate components.35
TEM was used for the structure and morphology studies of the as-prepared catalysts. As shown in
Figure 4.3a, single particles of NiO/MnO2 are composed of a high-density core stretching over a
transparent cicada’s wing like a thin film. After being coated with PANI, a denser and more porous particle
was achieved, and the thin film outside shrinks to form a smaller particle size in diameter, as shown in
Figure 4.3b. Four diffraction rings observed from the SAED pattern in Figure 4.3b1 correspond to the
(131), (300), (160), and (421) planes of γ-MnO2. In addition, the lattice fringes of HR-TEM in Figure 4.3b2
exhibit d-values of 0.24, 0.21, and 0.16 nm, corresponding to the (131), (300), and (160) planes of γ-MnO2,
respectively. The high-angle annular dark-field scanning transmission electron microscopy (HAADFSTEM) images in Figure 4.3a1-3a4 show the morphology of NiO/MnO2 in dark field as well as the
mappings for different elemental distributions. The selected mapping area was the same as in Figure 4.3a.
All these mapping images demonstrate that for NiO/MnO2 composite, the MnO2 was mainly distributed in
the center as a core, and the NiO layers served to form a shell. We also measured the HAADF-STEM
mappings for NiO/MnO2@PANI in the same area as Figure 4.3b, which are shown in Figure 4.3b3-b8.
The NiO layer was found to shrink after PANI coating, which is attributed to the etching by HCl during the
stirring process for polymerization (the solution pH≈3).46 Carbon and nitrogen were detected for PANI and
evenly distributed in the interior and outside of the composite.
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Figure 4.4 FIB-TEM images for (a) NiO/MnO2 and (b) NiO/MnO2@PANI. HAADF-STEM images for
(a1) NiO/MnO2 and (b1) NiO/MnO2@PANI. EDX elemental mapping images (a2-a4) for NiO/MnO2 and
(b2-b6) NiO/MnO2@PANI.
Knowing the surface structure and morphology of NiO/MnO2 and NiO/MnO2@PANI, we further
studied the internal properties of the microspheres using FIB combined with TEM, in the hopes of finding
out how the Ni and Mn oxides combined with each other. In Figure 4.4, the FIB-TEM images show the
cross section of NiO/MnO2 and NiO/MnO2@PANI microspheres, which were made by cutting a thin film
Table 4.1 Chemical composition (XPS, AAS), BET surface area, and pore volume of catalysts.

catalyst

Ni/Mn ratio by
XPS

Ni/Mn ratio by
AAS

BET surface area
(m2 g-1)

pore volume
(m3 g-1)

γ-MnO2

N/A

N/A

34

0.04

NiO/MnO2

1.16

0.40

173

0.38

NiO/MnO2@PANI

0.62

0.38

233

0.45

N/A stands for not applicable.
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with FIB. The FIB-TEM images of both materials exhibit the same morphologies as stated above,
respectively. The HAADF-STEM mappings show that Ni is mostly distributed in the exterior of the
microsphere. A mesoporous structure inside of the microspheres was observed from both TEM and
HAADF.

Figure 4.5 High resolution XPS spectra of Ni 2p, Mn 2p, O 1s, and C 1s for NiO/MnO2 (bottom) and
NiO/MnO2@PANI (top).
High resolution XPS spectra of different elements for NiO/MnO2 and NiO/MnO2@PANI are shown in
Figure 4.5. The two peaks observed at 853.9 and 871.3 eV are attributed to the Ni 2p3/2 and Ni 2p1/2 of
NiO/MnO2@PANI, respectively. Both peaks shift to a higher binding energy as compared to NiO/MnO2,
which were caused by coating of PANI. Still, Ni2+ was found to be the predominant state for NiO in both
of the catalysts.47 In addition, two main peaks centered at 641.7 (Mn 2p3/2) and 652.9 eV (Mn 2p1/2) were
assigned to a mixture of Mn2+, Mn3+, and Mn4+ species.48 The O 1s peaks at about 528.8, 530.5, and 532.1
eV for the two catalysts are associated with the lattice oxygen (OL), surface hydroxyl groups (OOH), and
adsorbed molecular water (Omw), respectively. An additional peak at 534.1 eV observed for
NiO/MnO2@PANI, corresponds to the single bonds of carbon oxygen.49 The PANI coating causes a binding
energy shift of the O-C=O bond from 290.5 to 289.5 eV, as observed from the C 1s spectrum.50 A N 1s
spectrum was also observed for NiO/MnO2@PANI at 400.2 eV, which was attributed to pyrrolic N.51 The
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Ni/Mn ratios detected by XPS for NiO/MnO2 and NiO/MnO2@PANI are 1.16 and 0.62, respectively,
indicating a loss of NiO on the surface during the process of PANI coating. AAS analysis was also
performed to reveal the total Ni/Mn ratio, as shown in Table 4.1.
4.3.2 OER electrocatalytic performance test
The OER electrocatalytic activity and stability performances of the as-prepared catalysts were evaluated
under alkaline conditions (0.1 M of KOH) at a rotation speed of 1600 rpm. These conditions are generally
considered universal for such an electrocatalytic study to remove the oxygen bubbles generated during the
reaction as well as other products. In Figure 4.6a, the peak of polarization curves around 1.4 V is ascribed
to a possible redox reaction of Ni2+/Ni3+ in the microsphere materials.52,53 The NiO/MnO2@PANI exhibits
an extraordinary low overpotential of 345 mV to reach a current density of 10 mA cm-2. For comparison,
OER activity performances of γ-MnO2, NiO/MnO2, and 20 wt% Ir-C are also exhibited in Figure 4.6a and
possess overpotentials of 390 and 351 mV for NiO/MnO2, and 20 wt% Ir-C, respectively. The OER activity
for γ-MnO2 was so low that no overpotential was investigated from 1.01 to 1.8 V. Both the CV and LSV
curves for NiO/MnO2@PANI soared in a narrow range from 1.5 and 1.6 V, illustrating a drastic reaction
rate.54 In addition, the small gap between forward and reverse curves for NiO/MnO2@PANI, imply a
smaller energy loss during the reaction.55 All the OER activity related characteristics are as summarized in
Table 4.2. Accordingly, the Tafel slope, a critical OER reaction kinetic parameter, was calculated from the
LSV curve and are provided in Figure 4.6b for each catalyst. The slopes followed an order of
NiO/MnO2@PANI < NiO/MnO2 < 20 wt% Ir-C < γ-MnO2. The small Tafel slope of the NiO/MnO2@PANI
composite indicates the comparatively fast electron transport and excellent OER catalytic kinetics. 56
Meanwhile, the mass activity and TOF at η = 0.38 V are critical factors for evaluating the intrinsic activity
of the catalysts, and are also presented but in an inverse trend in comparison to the Tafel slope, as shown
in Table 4.2. All the catalysts were also evaluated in 6 M KOH, which is relevant for metal-air battery
applications, and the polarization curves (Figure 4.7a) show the same OER activity trend as in Figure 4.6a.
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Figure 4.6 OER properties of different catalysts were measured in 0.1 M KOH solution at a rotation speed
of 1600 rpm. (a) LSV curves (scan rate of 10 mV s-1). (b) Tafel slopes calculated from LSV curves. (c)
Nyquist plots obtained from EIS measurements at a potential of 1.71 V (vs RHE) under frequency range
from 0.1 to 105 Hz. (d) Chronopotentiometry curves for NiO/MnO2 and NiO/MnO2@PANI.
The charge efficiency of OER was investigated by EIS under OER reaction conditions (Figure 4.6c and
Table 4.2). The trend of obtained resistance data (Rct) follows the order of NiO/MnO2@PANI < NiO/MnO2
< γ-MnO2 and matches the OER activity trend presented in Figure 4.6a. Finally, a chronopotentiometry
method was applied to further estimate the stability of OER under a current density of 10 mA cm-2 (Figure
4.6d). The NiO/MnO2@PANI composite shows remarkable OER stability, as the potential was maintained
and approaches the initial value after more than 24 h. In contrast, the NiO/MnO2 catalyst shows a stability
of 20 h before reaching 2.01 V, due to the residual carboxyl and nitrate components on the surface of
nanoparticles, as revealed by TGA. The electrocatalytic durability results show a slight OER activity
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degradation of the electrodes after performing one hundred continuous potential cycles in 0.1 M KOH
(saturated with O2).57,58 In Figure 4.7b, the overpotentials of NiO/MnO2 and NiO/MnO2@PANI at a current
density of 10 mA cm-2 increased by 12 and 7 mV, respectively, in comparison to the fresh electrodes.
Table 4.2 OER catalytic parameters of the catalysts in 0.1 M KOH at a rotation speed of 1600 rpm.

(V)

overpotent
ial η b
(mV)

Tafel
slope b
(mV
dec-1)

Rct c
(Ω)

Ko b (cm
s-1)

TOF at η =
0.38 V b (s1
)

mass
activity at η
= 0.38 V b
(A g-1)

γ-MnO2

N/A d

N/A d

152

276

0.0012

0.0006

2.98

NiO/MnO2

1.62

390

51

80

0.0041

0.0021

10.22

NiO/MnO2@PANI

1.57

345

42

62

0.0053

0.0382

189.22

20 wt% Ir-C

1.58

351

78

40

0.0082

0.0127

62.77

Ej= 10 mA
catalyst

a

-2 a
cm

Ej= 10 mA cm-2 is potential value at 10 mA cm-2, which was converted to RHE. b The specific calculations

for these parameters were described in supporting information. c The resistance determined from EIS test
at 1.71 V (vs RHE). d This kind of catalyst did not achieve a current density of 10 mA cm-2.

Figure 4.7 (a) LSV curves of different catalysts in 6 M KOH with a scan rate of 10 mV s -1 and rotation
speed of 1600 rpm. (b) OER polarization curves of γ-MnO2, NiO/MnO2, and NiO/MnO2@PANI electrodes
after one-hundred continuous potential cycles between 0.7 to 1.7 V (vs RHE). The electrodes were tested
in O2-saturated 0.1 M KOH with a scan rate of 10 mV s-1 and rotation speed of 1600 rpm.
77

4.3.3 ORR electrocatalytic performance test
In order to evaluate the ORR performances of the catalysts, LSV curves were first collected with a RDE
in 0.1 M KOH under a rotation speed of 1600 rpm and scan rate of 10 mV s-1, as shown in Figure 4.8a, and
the catalytic parameters are summarized in Table 4.3. NiO/MnO2@PANI show an onset potential of 0.92
V, which is comparable to the state-of-the-art ORR catalyst 20 wt% Pt-C (0.95 V). The LSV polarization
curves of the catalysts in Figure 4.8a also show a similar activity trend to the OER observed above. The
potential follows the trend of γ-MnO2 < NiO/MnO2 < NiO/MnO2@PANI < 20 wt% Pt-C to reach a current

Figure 4.8 ORR performances of different catalysts in 0.1 M KOH solution. (a) LSV curves for different
catalysts. (b) Comparison of CV curves between NiO/MnO2@PANI and NiO/MnO2 in 0.1 M KOH solution
saturated with O2 and Ar. (c) LSV curves for NiO/MnO2@PANI at different rotation speeds. (d) I–t
chronoamperometric curves for NiO/MnO2@PANI and NiO/MnO2.
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density of -3 mA cm-2, a critical parameter to evaluate the catalyst for ORR performance. In addition, the
ORR Tafel slopes of different catalysts were calculated from Figure 4.8a in the current density ranging
from -1 to -3 mA cm-2 (Figure 4.9a). The NiO/MnO2@PANI shows the smallest value of 124 mV dec-1
compared to the other as-prepared catalysts. CV spectra in Figure 4.8b were collected in 0.1 M KOH
solution at a scan rate of 10 mV s-1, after saturation with Ar and O2. The CV curves obtained in the Arsaturated solution show no discernible ORR features, implying no chemical reaction happens. On the
contrary, apparent oxygen reduction peaks for both catalysts were observed in O2-saturated KOH solution.
The starting reduction point occurred at a more positive potential for NiO/MnO2@PANI (0.88 V) than for
NiO/MnO2 (0.83 V).
The LSV spectra in Figure 4.8c for ORR obtained at different rotation speeds was analyzed to evaluate
the activity of the catalyst. The electron transfer number (n) obtained are based on the slopes of (K-L) plots
(Figure 4.9b) at potentials between 0.5 and 0.7 V for NiO/MnO2@PANI, suggesting a direct quasi-fourelectron reduction.55 H2O2 reduction reaction was also performed for comparison, which shows an electron

Table 4.3 ORR catalytic parameters of the catalysts obtained from LSV curves.

E0 a (V)

E1/2 a (V)

Ej= -3 mA cm-2 b (V)

Tafel slope c (mV dec-1)

γ-MnO2

0.89

0.68

0.56

274

NiO/MnO2

0.90

0.70

0.63

197

NiO/MnO2@PANI

0.92

0.83

0.82

124

20 wt% Pt-C

0.95

0.85

0.83

92

catalyst

a

All data were tested or calculated based on the RDE test at a scan rate of 10 mV s-1 and rotation speed of

1600 rpm; E0 (vs RHE) is the onset potential; E1/2 (vs RHE) is the half-wave potential.

b

Ej= -3 mA cm-2 is

potential value at -3 mA cm-2, which was converted to RHE. c The specific calculations for Tafel slopes
were shown in supporting information.
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Figure 4.9 (a) Tafel slopes for the ORR of γ-MnO2, NiO/MnO2, and NiO/MnO2@PANI as compared to 20
wt% Pt-C. (b) The corresponding Koutecky-Levich (K-L) plots for NiO/MnO2@PANI at different
potentials from -0.5 to -0.3 V vs SCE (0.51-0.71 V vs RHE) in O2-saturated 0.1 M KOH. (c) ORR
polarization curves of γ-MnO2, NiO/MnO2, and NiO/MnO2@PANI electrodes after one-hundred
continuous potential cycles between 0.7 to 1.7 V (vs RHE).
transfer number of around 2 (Figure 4.10). Current-time (i-t) chronoamperometric curves presented in
Figure 4.8d for the further evaluation of the ORR behavior among different catalysts, was tested at a
constant potential of 0.71 V. The NiO/MnO2 lost ~46% of its initial activity after nearly 24 h of continuous
operation, while NiO/MnO2@PANI shows a loss of only 9% after 5.5 h and 23% after ~24 h. Further
electrochemical durability results show increased ORR overpotential of 44, 40, and 26 mV for γ-MnO2,

Figure 4.10 (a) LSV curves in 0.1 M KOH solution with 0.03 M of H2O2 for NiO/MnO2@PANI at different
rotation speeds. (b) The corresponding Koutecky-Levich (K-L) plots.
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NiO/MnO2, and NiO/MnO2@PANI, respectively, at a current of -2 mA cm-2 after one hundred continuous
cycles (Figure 4.9c). These results show that NiO/MnO2@PANI is an active and robust ORR catalyst for
alkaline fuel cells.
4.4 Discussion
The electrochemical properties of OER and ORR are closely tied to the structure, surface area, and
conductivity of metal oxides in these advanced catalysts. Manganese oxides have diverse crystal structures
through the sharing of the corners or edges of the [MnO6] units, e.g. α-MnO2 (2 × 4), β-MnO2 (1 × 1), γMnO2 (1 × 1 and 1 × 2), OMS-1 (3 × 3), OMS-5 (2 × 4), and OL-1 (birnessite), which greatly affect the
OER and ORR catalytic activities.25,59,60 However, there is still considerable space to improve the activity
of manganese oxides by tuning the porosity and surface area to provide more accessible active sites for
electrocatalysis. Meanwhile, manganese oxides were also found to have low electrical conductivity,
limiting electrocatalytic performance. As such, we designed our catalyst starting from facile synthesis of

Figure 4.11 The XRD patterns of different amount of 1-butanol solvent used for the synthesis of NiO/MnO2
(10% of Ni was used for the synthesis and were calcined at 350 °C). # represents γ-MnO2 (JCPDS 140644), o represents NiO (JCPDS 75-0197), * represents Mn2O3 (JCPDS 24-0508).
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mesoporous γ-MnO2, by adding Ni to make the catalyst possess bifunctional properties, and further
enhancing the OER and ORR activities by coating with conductive polymer PANI.
4.4.1 Decisive roles for the synthesis of NiO/MnO2 microsphere
Manganese oxides with various structures are sensitive to synthesis conditions, and result in the change
of crystal phases. In this work, the structure and morphology of the NiO/MnO2 composites were first studied
by tuning the amount of solvent (1-butanol). As displayed in the XRD patterns (Figure 4.11), the composite
prepared with smaller amounts of 1-butanol (80 mmol) lead to a major crystal phase of NiO, while the SEM
images show a flower-like morphology composed of thin layers (Figure 4.12). The composite shows
unique NiO/MnO2 structure using 120 mmol of 1-butanol as stated above. By increasing the amount of 1-

Figure 4.12 SEM images of 10% Ni-Mn prepared using 80 mmol (a, d), 160 mmol (b, e), and 200 mmol
(c, f) of 1-butanol solvents and were calcined at 350 °C.
butanol to 160 mmol, a mixed phase of NiO and γ-MnO2 was observed from the XRD pattern, while the
SEM images show mixed morphologies of porous particles and nanosheets. After further adding 1-butanol
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to 200 mmol, a pure Mn2O3 (JCPDS 24-0508) crystal phase was obtained as shown by XRD, while a typical
UCT-MnOx morphology was observed from SEM images. All of the above results indicate the critical role
of 1-butanol for generating the unique NiO/MnO2 structure in this study. Actually, the role of 1-butanol for
the synthesis of UCT materials was as discussed before, where 1-butanol acts both as solvent and interface
modifier by forming a wall between metal oxide clusters.34 Here, the reaction time was controlled by tuning
the amount of 1-butanol solvent without changing any other factors. Ni and Mn species in the reaction
system compete with each other to form metal oxygen clusters. As observed above, Ni tends to rapidly form
a NiO cluster, while Mn needs a longer reaction time.

Figure 4.13 The XRD patterns of different adding amounts of Ni in the composites (120 mmol of 1-butanol
solvent was used and were calcined at 350 °C). # represents γ-MnO2 (JCPDS 14-0644). * represents NiO
(JCPDS 75-0197).
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Figure 4.14 SEM images of 5% (a, d), 20% (b, e), and 30% (c, f) different adding amounts of Ni in the
composites using 120 mmol of 1-butanol solvent and were calcined at 350 °C.
Different mole ratios of 5%, 10%, 20%, and 30% (nominal ratio) of Ni to Mn precursors were selected
for studying the influence on the formation of NiO/MnO2. The XRD patterns (Figure 4.13) show that mixed
crystal phases of NiO and γ-MnO2 were obtained for 5 and 10%, and only NiO diffraction peaks exist after
increasing the Ni/Mn to 20 and 30%. The SEM images (Figure 4.14) further reveal that for both 5 and 10%
of Ni, these materials exist in two different morphologies of porous particles and nano-sheets, which can
be attributed to γ-MnO2 and NiO, respectively. Flower like morphologies were observed for both 20 and
30% Ni/Mn ratios, suggesting more compact NiO layers were grown outside of the particles. In contrast,
porous MnO2 was formed due to competition between the two elements during the growth of the crystal
clusters. N2 sorption isotherms show the gradual growth of BET surface area (Figure 4.15 and Table 4.4)
as the mole ratio of Ni was increased.
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Figure 4.15 (a) N2 sorption isotherms and (b) BJH desorption pore size distributions for 10% Ni-Mn
catalyst after calcination at different temperatures. (c) N2 sorption isotherms and (d) BJH desorption pore
size distributions of γ-MnO2 with different addition amounts of Ni. (e) N2 sorption isotherms and (f) BJH
desorption pore size distributions for 10% Ni-Mn prepared with different amounts of 1-butanol and were
calcined at 350 °C.
4.4.2 Material optimization for high active bifunctional electrocatalyst
On basis of the above results, the overall reaction of OER (the reverse process of ORR) on the catalysts
in this study mainly undergoes a direct four-electron pathway, which follows the reaction as shown in Eqn
(4.1).
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Table 4.4 Summary of structural parameters for crystal structure, BET surface area, BJH desorption pore
diameter, and pore volume.

BET surface

BJH desorption pore

pore volume

area (m2 g-1)

diameter (nm)

(cm3 g-1)

NiO

230

3.7 and 16.3

0.72

30% Ni-Mn

NiO

251

31

0.97

10% Ni-Mn-250

γ-MnO2, α-Ni(OH)2

200

3.6 and 11.7

0.43

10% Ni-Mn-450

γ-MnO2, NiO

137

16.3

0.72

80 mmol (1-butanol)

γ-MnO2, NiO

220

3.3 and 11.6

0.83

160 mmol (1-butanol)

γ-MnO2, NiO

125

4 and 16.1

0.31

200 mmol (1-butanol)

Mn2O3

191

3.2

0.18

catalyst

crystal structure

20% Ni-Mn

4OH− (aq) ↔ O2 (g) + 2H2O (l) + 4e−

(4.1)

The OER mechanism catalyzed by MnO2 could proceed by the following paths:25
MnO2 (s) + OH− (aq) ↔ MnOOH···O (s) + e−

(4.2)

2(MnOOH···O) (s) ↔ 2MnOOH (s) + O2 (g)

(4.3)

MnOOH (s) + OH− (aq) ↔ MnO2 (s) + H2O (l) + e−

(4.4)

While NiO can be expressed by:61
NiO (s) + OH− (aq) ↔ NiOOH (s) + e−

(4.5)

In order to understand bifunctional electrocatalysts with high OER and ORR activities, various factors
of the material synthesis were considered, e.g. the amounts of 1-butanol, Ni addition, calcination
temperature, and PANI coating, and all the catalysts were tested under alkaline conditions. The LSV curves
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Figure 4.16 LSV curves of (a) OER and (b) ORR for 10% Ni-Mn prepared with different amount of 1butanol and were calcined at 350 °C; (c) OER and (d) ORR for γ-MnO2 after adding different amount of
Ni. All catalysts were calcined at 350 °C; (e) OER and (f) ORR for 10% Ni-Mn catalyst after calcination
at different temperatures; (g) OER and (h) ORR for NiO/MnO2 with different amount of PANI coating.
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(Figure 4.16) of the composites prepared with different amounts of 1-butanol show poor OER and moderate
ORR performances except for the NiO/MnO2 catalyst (120 mmol of 1-butanol), which displays promising
bifunctional properties. Combined with structure and property analyses described above, the catalyst
prepared with 200 mmol of 1-butanol showed the best ORR activity, which was mainly due to a crystal
structure change to Mn2O3. The catalyst prepared with 120 mmol of 1-butanol has a similar structure and
morphology with 160 mmol but a higher surface area, and results in the highest OER activity of all. The
Ni/Mn ratio in reaction solution greatly affects the structural and morphological properties, and as a result,
both OER and ORR activities were changed accordingly (Figure 4.16).

Figure 4.17 The XRD patterns of different calcination temperatures for 10% Ni-Mn (120 mmol of 1butanol solvent was used). # represents γ-MnO2 (JCPDS 14-0644), * represents NiO (JCPDS 75-0197), o
represents mixed phases of birnessite type MnO2 (JCPDS 80-1098) and α-Ni(OH)2 (JCPDS 38-0715).
The LSV curves show that adding more Ni did not improve the OER performance. On the contrary, both
OER and ORR activities decreased dramatically, suggesting a proper ratio of Ni and Mn is crucial for
bifunctional electrocatalysis. Heat treatment temperatures were also studied in this work, since they will
affect the structure and porosity properties of the metal oxides. Structural studies (Figure 4.17) show that
calcination temperatures below 250 °C produces materials with a layered crystal structure, which would
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contribute a birnessite structure of MnO2 (JCPDS 80-1098) and α-Ni(OH)2 (JCPDS 38-0715). After
increasing the heating temperature to 350 and 450 °C, the material displays the same crystal structures of
γ-MnO2 and NiO. However, high calcination temperature of 450 °C tends to make the material sinter, and
thus results in a lower surface area (Table 4.4). As a result, 350 °C is the optimum calcination temperature
for the catalyst to yield high activities of both OER and ORR (Figure 4.16).
PANI coating is critical for designing highly active NiO/MnO2 electrocatalyst for OER and ORR. The
amount of PANI was optimized to achieve uniform coating in the interior and exterior of the microsphere
(Figure 4.16). The binding energy shifts at 290.5 and 534.1 eV for C 1s and O 1s, respectively, observed
from XPS spectra (Figure 4.5) for NiO/MnO2@PANI, demonstrating the electron delocalization between
the PANI π-conjugated ligand and surface oxygen of NiO/MnO2, and results in electron transfer.62 The
improved conductivity caused by PANI layer is believed beneficial to the high activity of
NiO/MnO2@PANI for both OER and ORR, because of the faster ionic and charge transport processes
during the electrochemical reaction.63 Previous studies demonstrated that the PANI increases the
electrochemical surface area of the catalyst, and the polymer layer is expected to provide active sites for
the electrocatalytic reaction which makes the catalyst more active.64 Benefiting from the active sites
supplied by carbon atoms for oxygen chemisorption, the O-O bond strength of oxygen decreased and led
to lower activation energy for the reduction.65 In addition, the thin layers of PANI coating on the surface
will prevent nanoparticle aggregation for those reactions, and as a result, leading to a stable and long life
of the electrocatalyst. Thus, the synergistic effects between PANI and metal oxides caused by strong
electrical and chemical coupling contribute to the superior catalytic efficiencies for both the OER and ORR.
However, the PANI polymer has problems at high temperature (> 50 °C), which will cause the degradation
of electrical conductivity, although PANI was claimed to be one of the most environmentally stable
conductive polymers.66
An accessible porous structure is another key factor of the catalyst for these reactions. The SEM (Figure
4.1c) and TEM images (Figure 4.3b) show morphology changes after PANI coating, as more open pores
89

were generated which is also reflected by the enhanced surface area results calculated from the N2 sorption
tests. Since the large pore size, high surface area, and high ionic conductivity of the mesoporous structure
create more active sites and lead to effective transport of molecules/ions in the internal particles. 67 As a
result, far more efficient electrochemical reactions for high OER and ORR performances are observed.
Beside the mesoporous structure and the PANI conductive polymer coating discussed above, the
presence of Ni was also considered to contribute to the high activity of both the ORR and OER. Ni based
oxides are recognized as the most active nonprecious metal OER catalysts in alkaline media. A recent study
revealed that the OER activity of the transition metal elements is greatly affected by the strength of the
OH–M2+δ bonds, of which Ni has the lowest OH–M2+δ bond strength.18 As a result this favors the catalyst
adsorbing protons (dissociation of OH− group) for the OER reaction under alkaline conditions.25 The
presence of Ni2+ in the framework of MnO2 favors the stabilization of Mn3+/Mn4+ species, and a greater
abundance of Mn3+ existing on the surface yielding a more active catalyst for both the OER and ORR. 38,68
In addition, the presence of Ni2+, Mn3+, and Mn4+ ions leads to the improved electronic conductivity, which
was considered beneficial to the catalytic performance.69 The potential gap (ΔE) of NiO/MnO2@PANI was
calculated for comparison with the existing bifunctional electrocatalysts reported in the literature (Table
4.4). The result shows that our catalyst with ΔE = 0.75 V in 0.1 M KOH with a catalyst loading of 0.245
mg cm-2, is lower than the majority of reported electrocatalysts (include noble metals). Overall, a highly
active and stable bifunctional electrocatalyst for OER and ORR was achieved by rationally tuning the
structure and surface of the unique NiO/MnO2@PANI core-shell material.
4.5 Conclusions
In summary, this study shows a step by step rational design of the electrocatalyst with excellent OER
and ORR activities in alkaline media. The unique NiO/MnO2 composite was achieved in one-step with a
facile UCT synthesis strategy. Various synthesis factors were considered, e.g. the amount of 1-butanol, Ni
to Mn ratio, and calcination temperature, for tuning the structure, pore size, and surface area for bifunctional
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electrocatalysis. The PANI coating on the surface further improved the physicochemical properties of the
catalyst for high OER and ORR activities. The measured BET surface areas, electronic conductivities, OER,
and related Tafel slopes, and ORR activities follow the trend of γ-MnO2 < NiO/MnO2 < NiO/MnO2@PANI.
As a result, our optimum catalyst, NiO/MnO2@PANI, shows a low overpotential of 345 mV at a current
density of 10 mA cm−2 for OER and a potential of 820 mV at a current density of -3 mA cm−2 for ORR,
which are comparable to state-of-the-art Ir and Pt catalysts, respectively. This catalyst exhibits remarkable
electrochemical durability for OER and ORR with 24 h continuous operation under alkaline conditions.
Active surface area, structure, pore sizes, metal oxidation state, and electron conductivity were found to
affect the electrochemical reaction efficiency. This novel system opens up new avenues for the simple
synthesis of highly effective, low cost, and abundantly available metal oxides to meet the requirements of
future electrocatalysts in the field of clean energy.
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Chapter 5. Microwave-Assisted Integration of Transition Metal Oxide Nanocoatings on
Manganese Oxide Nanoarray Monoliths for Low Temperature CO Oxidation

5.1 Introduction
Extensive research efforts have been focused on the catalytic conversion of CO to CO 2 in the past two
decades, due to the crucial role that CO plays in various applications including proton exchange membrane
fuel cells, automobile exhaust gas treatment, and CO gas sensors.1-3 To date, PGM-based catalysts, such as
platinum (Pt),4 palladium (Pd),5,6 and gold (Au),7 have been widely studied due to their exceptionally high
catalytic activity for CO oxidation. However, these supported noble metals are naturally scarce and
prohibitive. Over the long run, using relatively cheap, earth-abundant, and highly stable transition metal
alternatives, such as metal oxides, perovskites, and spinels, are being pursued as alternatives in order to
achieve good CO oxidation activity at low temperature.8-10
Different transition metal oxide based monolithic nanoarrays (ZnO, Co3O4, TiO2, MnO2, and CeO2)
were invented as a new class of automotive catalytic converters to treat deteriorating environments and ever
tight regulations for emission control.11-13 Unlike the catalysts in powder or pellet form, these unique
monolithic configurations allow low catalyst loading with high surface area, good mass-transfer, and low
pressure drop, and as a result, more cost effective and catalytically efficient pathways were developed. The
state-of-the-art industrial catalytic converter was designed by washcoating mesoporous Al 2O3 supported
Pt/Pd on monolithic substrates with coating thicknesses of 20-200 µm. Since this method is unable to
effectively control the structure of catalysts, or substrate adherence, or catalyst dispersion, washcoating is
not practical for optimum utilization of catalysts. Monolithic nanoarray catalysts can reduce 10-40 times
the material usage of washcoating ones without sacrificing catalytic performance.11 In addition, the uniform
distribution of vertically-aligned nanorod arrays may allow much more efficient and faster molecular
diffusion and heterogeneous reactions on the surfaces.
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With promising emission-control efficiency, versatile synthetic approaches have been developed to
integrate nanoarrays on various substrates for the removal of pollutant emissions generated from engines,
combustors, as well as other energy devices.13,14 Lithography processes15 and template-assisted syntheses16
are reported effective for large-scale fabrication of nanoarrays with precise control of the geometry,
however, they are limited by relatively complicated preparation procedures. The facile and cost-effective
wet chemical hydrothermal synthesis is one of the most promising bottom-up methods for large-scale
fabrication of nanoarrays. Recent studies demonstrate that nanoarrays not only can be integrated on the
cordierite monoliths in a short time but also are scalable with the assistance of microwave heating.17
Coating a layer of transition metal oxide on the surface of single-metal oxide nanoarrays is considered
an effective way to further enhance the catalytic performance, as the core-shell structure displayed
promising catalytic properties. Many transition metal oxides reported with similar configurations showed
higher CO oxidation activity than single metal oxides, such as CuO/CeO2,18 ZnCo2O4@CeO2,19 and MnOxCeO220 etc. The interface between the core and shell components could provide reaction sites for CO
oxidation. The strong interaction of different components promotes synergistic effects for catalysis. Beside
boosting the catalytic activity, the core-shell structure might also improve the stability and dispersibility of
the materials.
Herein, we report for the first time a successful integration of ten different MnO2/metal oxide core-shell
nanoarrays onto monolithic cordierite substrates using a facile and energy-saving synthetic strategy for the
catalytic oxidation of CO. To achieve the core-shell nanoarray architecture, cryptomelane type manganese
oxide nanoarrays were selected as the core supports to grow on the cordierite substrate first, using a facile
hydrothermal synthesis as reported.21 Since manganese is naturally abundant, multi-valent, and
environmentally benign. Most importantly manganese-based oxides are widely used in industry and have
shown remarkable activity for the oxidation of CO and hydrocarbons at low temperature. 22-25 Different
metal oxide shells were prepared using efficient and fast microwave-assisted hydrothermal synthesis
strategies, in which urea hydrolysis as a general process was applied for most metal oxides. The nanoarray
97

materials were further annealed at 350 °C. CO oxidation performance of each core-shell nanoarray catalyst
was evaluated and the trends of reactivity are given here.26 In addition, factors such as annealing
temperature and cobalt precursors for manganese-cobalt oxide core-shell nanoarrays were studied in order
to probe the outstanding CO oxidation activity. Various characterization methods such as SEM, HR-TEM,
XPS, hydrogen-temperature programmed reduction (H2-TPR), oxygen-temperature programmed
desorption (O2-TPD), and thermogravimetric mass spectrometry (TGA-MS) were used to examine the
structure-property relations of the materials. The effects of synthesis, reducibility, surface area, and
oxidation states are discussed in this work.
5.2 Experimental section
5.2.1 Chemicals
All chemicals were used as received without further purification. Manganese sulfate monohydrate
(MnSO4·H2O, ≥ 99%), nickel nitrate hexahydrate (Ni(NO3)2·6H2O, ≥ 98%), zinc nitrate hexahydrate
(Zn(NO3)2·6H2O, ≥ 98%), cobalt nitrate hexahydrate (Co(NO3)2·6H2O, ≥ 98%), cobalt acetate tetrahydrate
(Co(CH3COO)2·4H2O, ≥ 98%), cobalt chloride hexahydrate (CoCl2·6H2O, ≥ 98%), cobalt sulfate
heptahydrate (CoSO4·7H2O, ≥ 99%), cobalt acetylacetonate (Co(C5H7O2)3, 97%), potassium permanganate
(KMnO4, ≥ 99%), iron nitrate nonahydrate (Fe(NO3)3∙9H2O, ≥ 98%), cerium nitrate hexahydrate
(Ce(NO3)3∙6H2O, ≥ 99%), gallium acetylacetonate (Ga(C5H7O2)3, 98%), urea (CH4N2O, ≥ 98%),
concentrated sulfuric acid (H2SO4, 95-98%), and concentrated hydrochloric acid (HCl, 37%) were
purchased from Sigma-Aldrich. Potassium chlorate (KClO3, ≥ 99%) was purchased from J.T. Baker.
Titanium

oxide

sulfate

sulfuric

acid

hydrate

(TiOSO4∙xH2O

+

H2SO4),

copper

acetate

(Cu(CH3COO)2·6H2O, ≥ 98%), and potassium tin oxide (K2SnO3∙3H2O, ≥ 95%) were purchased from Alfa
Aesar. The cordierite honeycomb monolith substrates were purchased from Corning Corp.
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5.2.2 Materials synthesis
OMS-2 nanoarray catalysts. The cordierite substrate was washed with ethanol, water, and acetone,
respectively, and dried for use. The OMS-2 nanoarray catalyst was synthesized as reported before.21
Specifically, 13.7 g of MnSO4·H2O and 17.4 g of KClO3 were dissolved in 270 mL of DDI water with 4.5
mL of H2SO4. The dissolved mixture was reacted at 90 °C for 12 h. After the reaction, the OMS-2 nanoarray
coated cordierite substrate was washed with DDI water several times using sonication and dried in a vacuum
oven overnight.
NiO, CuO, Fe2O3, ZnO, CeO2, Ga2O3, and SnO2@OMS-2 nanoarray catalysts. All these core-shell
catalysts were synthesized using each metal source to react with urea. For example, OMS-2@NiO was
synthesized by dissolving 0.218 g of Ni(NO3)2·6H2O and 0.36 g of urea in 15 mL of DDI water and ethanol
(volume ratio 1:1) mixture in a 30 mL microwave reactor vial. Then, an 8 mm × 8 mm × 10 mm (W × H ×
L) size OMS-2 nanoarray coated cordierite substrate was dropped into the solution and the vial was sealed.
The reaction was performed in a programmable Biotage Initiator microwave reactor at 120 °C for 30 min.
After the reaction, the coated substrate was washed with DDI water several times and dried in a vacuum
oven overnight.
OMS-2@Co3O4 nanoarray catalysts. The synthesis procedure is the same as stated above. Five
different cobalt reagents of cobalt nitrate hexahydrate (OMS-2@Co3O4-NO3), cobalt acetate tetrahydrate
(OMS-2@Co3O4-ac), cobalt chloride hexahydrate (OMS-2@Co3O4-Cl), cobalt sulfate heptahydrate (OMS2@Co3O4-SO4), and cobalt acetylacetonate (OMS-2@Co3O4-acac) were used, and catalysts were named
based on the anions. OMS-2@Co3O4 in this work stands for cobalt acetylacetonate.
OMS-2@TiO2 nanoarray catalyst. 0.3 g of TiOSO4∙xH2O + H2SO4 was dissolved in 15 mL of DDI
water and ethanol (volume ratio 1:1) mixture in a 30 mL vial. Then, an 8 mm × 8 mm × 10 mm size of
OMS-2 nanoarray coated cordierite substrate was drop into the solution and the vial was sealed. The vial
was put into the Biotage Initiator microwave reactor and allowed to react at 120 °C for 30 min. After the
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reaction, the coated substrate was washed with DDI water several times and dried in a vacuum oven
overnight.
OMS-2@MnO2 nanoarray catalyst. 0.032 g of KMnO4 was dissolved in 15 mL of DDI water with 83
μL of concentrated HCl in a 30 mL vial. Then, an 8 mm × 8 mm × 10 mm size of OMS-2 nanoarray coated
cordierite substrate was drop into the solution and the vial was sealed. The vial was put into the Biotage
Initiator microwave reactor and allowed to react at 120 °C for 30 min. After the reaction, the coated
substrate was washed with DDI water several times and dried in a vacuum oven overnight.
5.2.3 Materials characterization
A Rigaku Ultima IV diffractometer (Cu Kα radiation, λ=1.5406 Å) with a working voltage of 40 kV and
current of 44 mA, was used for the crystal structure study of the materials. N2 sorption analysis was
performed with the aid of a Quantachrome NOVA 2000e automated sorption system. The samples were
degassed at 120 °C for 6 h before tests. The BET method was used for surface area calculations. The overall
morphologies of the materials were observed using a FEI Nova NanoSEM 450 equipped with an EDX
detector. The working voltage was 2.0 kV. A Talos F200X microscope operating at 200 kV coupled with
an EDX detector was applied for the HR-TEM and STEM measurements. XPS of the synthesized materials
were collected on a PHI model Quantum 2000 spectrometer with scanning ESCA multiprobe (Φ Physical
Electronics Industries Inc.), using Al Kα radiation (λ=1486.6 eV) as the radiation source. The spectra were
recorded in the fixed analyzer transmission mode with pass energies of 187.85 eV and 29.35 eV for
recording survey and high-resolution spectra, respectively. The powder samples were pressed on a doublesided carbon tape mounted on an Al coupon pinned to a sample stage with a washer and screw and then
placed in the analysis chamber. Binding energies (BE) were measured for Co 2p, Mn 2p, Mn 3s and O 1s.
The XPS spectra obtained were analyzed and fitted using CasaXPS software (version 2.3.16). Sample
charging effects were eliminated by correcting the observed spectra with the C 1s BE value of 284.8 eV.
Thermogravimetric analysis/mass spectrometry (TGA-MS) was carried out under Ar using a Netzsch Libra
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TG209 F1 thermogravimetric analyzer coupled to a Netzsch Aëolos QMS 403C quadrupole mass
spectrometer. The temperature was ramped from room temperature to 800 °C at a rate of 10 °C min-1.
H2-TPR was carried out with an MKS gas analyzer coupled with a quadrupole mass-selective detector.
100 mg of catalyst was loaded into a quartz tube and mounted into the furnace. The samples were pretreated
in argon (Ar) at 200 °C for 1 h to remove any adsorbed molecules and impurities and then cooling down to
room temperature. Then a 10% H2/Ar flow through the tube reactor at a flow rate of 50 standard cubic
centimeters per minute (sccm). The temperature was ramped to 550 °C at a ramping rate of 10 °C min −1.
O2-TPD was performed on a Chemisorption system (ChemiSorb 2720, Micromeritics Cor.), equipped with
a U-shaped quartz reactor. About 50 mg of sample was loaded into the reactor and pretreated under 10%
O2/Ar at 300 °C for 1 h before desorption. The temperature was ramped to 750 °C at a ramping rate of
10 °C min−1.
5.2.4 Catalytic tests
Catalytic oxidation of CO was studied for the evaluation of the performances of all the catalysts. The
CO catalytic reaction was tested in a continuous flow fixed bed quartz tubular reactor. For each test, a 5
mm × 5 mm × 10 mm size of monolith catalyst was packed in 7-mm-diameter quartz tube. Before the
measurements, the catalysts were pretreated at 100 °C for 1 h under N2 flow (100 sccm) to remove any
residue adsorbed on the surface of catalysts. For CO oxidation test, the feed gas used was composed with
1% CO, 10% O2, and balanced by N2 with the flow rate of 100 sccm and space velocity (SV) of 24,000 h1

. A gas chromatograph (GC) equipped with a molecular sieve 13X packed column and a thermal

conductivity detector (SKI 8610C) was used for the online catalytic product analysis. The reaction
conversion was calculated using N2 as an internal standard. The GC peak areas of CO, O2, N2, and CO2
were proportional to their concentrations. The initial peak area of CO was corrected according to Eq. (5.1).
CO(initial) =

CO(blank) ×N2 (sample)
N2 (blank)
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× 100%

(5.1)

CO conversion was calculated using Eq. (5.2).
CO conversion =

CO(initial) −CO(sample)
CO(initial)

× 100%

(5.2)

5.3 Results
The general process for the synthesis of different metal oxide core-shell nanoarrays on a cordierite
substrate is shown in Figure 5.1a. The single channel of the cordierite monolith is about 1 mm in diameter.
In the synthesis step (i), manganese oxide nanoarrays were achieved through a slow oxidation and
accumulation process using KClO3 as oxidant in a water bath at 90 °C.21 Heterogeneous nucleation was
believed to occur on the surface of substrates forming of seed layer, followed by growing nanorods along
the preferred planes to form nanoarray architectures. In step (ii), microwave-assisted hydrothermal method
was used for coating of the shell in a short time to achieve an even distribution. Figure 5.1b reflects the
catalytic performances of different nanoarrays for CO oxidation at the SV of 24,000 h-1. OMS-2@Co3O4
catalyst displays the best reactivity for CO oxidation, with the light-off temperature as low as around 120
°C and the full CO conversion temperature at about 150 °C. The reactivity was followed by OMS-2@CuO
and OMS-2@NiO, with full conversion temperatures at 250 °C and 275 °C, respectively, while OMS2@ZnO nanoarrays show poor catalytic activity for CO oxidation. OMS-2 nanoarray catalyst showed
moderate CO oxidation performance, even coating another layer of manganese oxide on the surface. As
shown in Figure 5.1c, OMS-2@Co3O4, OMS-2@CuO, and OMS-2@NiO showed similar shapes in their
activity curves, of which OMS-2@Co3O4 gave the highest activity than others and achieved its maximum
rate at 150 °C. To better understand the activity trend of these catalysts, a volcano plot of activation energy
as a function of atomic mass was given (Figure 5.1d). Of these ten selected metal oxides (mainly in period
four), OMS-2@Co3O4 gave the lowest activation energy. The result also approves that Co3O4 is the stateof-the-art most active nonnoble metal oxide for CO oxidation, which has been extensively studied in the
past decades.
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Figure 5.1 (a) Schematic illustration of two-step synthesis of manganese oxide-based core-shell nanoarrays
on cordierite monoliths. (b) Catalytic performance of different manganese oxide-based core-shell nanoarray
catalysts for CO oxidation. (c) Calculated activities as a function of the temperature. (d) The activation
energy trend of different core-shell nanoarray catalysts as a function of the atomic mass.
The activation energy was calculated using the Arrhenius equation, r = Aexp (−Ea/RT) [CO]a [O2]b
where r is the rate coefficient, Ea is the activation energy, A is the pre-exponential factor, R is the universal
gas constant, T is the temperature in K. The CO conversion was controlled below 15% for the reaction rate
calculation, as the concentrations of both CO and O2 are approximately constant. Thus, ln r and 1/RT
showed a linear relationship of ln r = −Ea/RT + ln A. The activation energy, pre-exponential factor, and
Arrhenius plot correlation coefficients (R2) of different transition metal oxide core-shell catalysts are
summarized in Table 5.1. The activation energies of the manganese-metal oxide core-shell nanoarray
monolith catalysts are generally consistent with the activities for CO oxidation. The pre-exponential factors
of the manganese-metal oxide catalysts maintained the same order of magnitude of 10 2-3, of which OMS2@Co3O4, OMS-2@CuO, OMS-2@NiO, and OMS-2@CeO2 are an order of magnitude higher than other
core-shell catalysts.
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Figure 5.2 (a) Photograph of OMS-2 coated nanoarray monoliths. (b) EDX mapping of single channel of
OMS-2 coated cordierite substrate, inset for the cross-section view. SEM images (c) top view and (d) cross
section view of OMS-2 nanoarrays. (e) TEM image of the OMS-2 nanorods. Inset for the SAED pattern of
the rod. (f) HR-TEM image of OMS-2 nanorod.
Optical photographs, elemental analyses, morphologies, and structures of OMS-2 nanoarrays after
coating on the cordierite substrate are summarized in Figure 5.2. The as-prepared OMS-2 nanoarray
monolith is dark brown in color (Figure 5.2a). EDX elemental mapping (Figure 5.2b) for the single
channel of cordierite monolith substrate demonstrates the successful coating of manganese oxide on the
surface. SEM image in Figure 5.2c shows a uniform distribution of OMS-2 nanoarrays on the cordierite,
with the average rod length of ~4 µm (Figure 5.2d). TEM images presented in Figure 5.2e show smooth
surfaces of OMS-2 nanorods, as well as a decreased diameter of nanorods along the crystal growing
direction, which are due to the diminishing concentration of manganese reagent with coating time. The
diameter of ~100 nm for the nanorods was measured in the selected area. The SAED pattern shows a single
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crystal characteristic for the rods of OMS-2. The lattice fringes in Figure 5.2f with d-spacings of 0.25 and
0.31 nm were measured for the HR-TEM, and correspond to the (400) and (310) crystal planes of α-MnO2.

Figure 5.3 XRD patterns of ten different metal oxides and correspond SEM images for core-shell
nanoarrays.
XRD studies were done on ten different metal oxides coated on the OMS-2 nanoarrays. The precipitates
collected after each microwave-assisted hydrothermal reaction were used for the XRD characterization, due
to the relative low diffraction intensities of nanoarray materials compared to the cordierite substrate, as
shown in Figure 5.3. In order to make the characterization consistent with the nanoarray catalysts used in
CO oxidation, all the powders were washed and calcined at 350 °C. Pure crystalline phases of different
metal oxides were identified for the coatings, while the corresponding crystal planes of each diffraction
peak are labeled on top. The JCPDS numbers of each XRD diffraction pattern are summarized in Table
5.1. The morphologies of the core-shell nanoarrays vary with the metal oxides as revealed in SEM studies.
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Small nanoparticles were observed on the surface of OMS-2 nanorods after coating with CeO2, Co3O4,
CuO, TiO2, SnO2, and Ga2O3. A layered structure was found for surfaces of nanorods for the NiO coating.
In addition, a unique quadrangular morphology appeared after coating with another layer of manganese
Table 5.1 Summary of chemical composition, BET surface area, and catalysis parameters of catalysts.

catalyst

JCPDS
number

mass
loading
(%)

metal/Mn
ratio by
EDX

surface area
(m2 g-1)

T50
(°C)

Ea (kJ
mol-1)

A (mol
g-1 s-1)

R2

OMS-2@Co3O4-acac

42-1467

23

1.88

17

110

40.3

1.6×103

0.994

OMS-2@Co3O4-ac

42-1467

16

1.42

28

115

52.8

2.8×104

0.998

OMS-2@Co3O4-NO3

42-1467

20

0.41

16

125

49.8

6.7×103

0.998

OMS-2@Co3O4-Cl

42-1467

12

0.4

19

165

37.7

4.2×102

0.992

OMS-2@Co3O4-SO4

42-1467

10

0.37

20

200

27.7

0.9×101

0.997

OMS-2@CuO

48-1548

16

0.55

14

140

45.8

1.7×103

0.995

OMS-2@NiO

47-1049

19

1.05

20

150

46.4

4.7×103

0.998

OMS-2@Fe2O3

-

13

0.11

14

325

44

0.7×102

0.999

OMS-2@CeO2

34-0394

18

4.04

24

325

53

1.5×103

0.998

OMS-2@TiO2

73-1764

9

0.15

28

400

55.3

8.2×102

0.999

OMS-2@Ga2O3

06-0503

10

0.22

5

425

49.1

2.9×102

0.999

OMS-2@SnO2

21-1250

12

0.19

7

300

49.7

6.5×102

0.994

OMS-2@ZnO

05-0664

8

0.69

14

-

58.8

4.4×102

0.995

OMS-2@MnO2

29-1020

10

-

32

325

44.9

3.9×102

0.998

OMS-2

29-1020

6

-

25

325

43.9

1.4×102

0.993

cordierite

12-0303

-

-

1

-

-

-

-

The “-” stands for not applicable or measured.
oxide on nanoarrays. The chemical compositions of different metal oxide core-shell nanoarrays were
determined by EDX (Table 5.1).
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Figure 5.4 Representative TEM, STEM, and EDX mapping images of (a) OMS-2@Co3O4-NO3, (b) OMS2@Fe2O3, and (c) OMS-2@CuO core-shell nanoarrays.

TEM was performed to better understand the morphology and configuration of nanoarrays, as presented
in Figure 5.4. Three different nanorods of OMS-2@Co3O4-NO3 (Figure 5.4a), OMS-2@Fe2O3(Figure
5.4b), and OMS-2@CuO (Figure 5.4c) are shown. Rough surfaces composed of fine nanoparticles were
observed for both OMS-2@Co3O4-NO3 and OMS-2@CuO. However, it is still hard to determine the
thickness of coating layers for these materials, especially for the OMS-2@Fe2O3 nanoarrays. The elemental
mapping obtained from EDX shows that we could easily distinguish the manganese oxide core from the
coating layers for different core-shell nanoarrays. As a result, a thin film of Fe2O3 was observed for the
shell of the OMS-2@Fe2O3 nanoarrays. BET surface areas of the bare cordierite substrate as well as the
ones that were coated with different metal oxide nanoarrays were calculated based on the results of N 2
sorption, as summarized in Table 5.1. The surface area was increased as high as 5-30 times for the cordierite
monolith after coating with different metal oxide core-shell nanoarrays.
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Knowing the performances of different metal oxide core-shell nanoarray catalysts for CO oxidation, we
further studied the cobalt oxide coated nanoarrays synthesized with different cobalt precursors, in the hopes
of better understanding the structure and property relationship of the material, and as a result, were able to
design catalysts with high activity at low temperature. CO oxidation behavior of each catalyst varied with
the cobalt reagents used in the synthesis. As shown in Figure 5.5a, OMS-2@Co3O4-acac displayed the best
performance for complete conversion of CO at a low temperature of 150 °C, followed by OMS-2@Co3O4ac and OMS-2@Co3O4-NO3 at a temperature of 175 °C. Compared to the catalysts above, OMS-2@Co3O4Cl and OMS-2@Co3O4-SO4 need temperatures as high as 225 °C and 300 °C, respectively, to achieve 100%
conversion (T100). The changes of mass loadings and surface areas of different manganese-cobalt oxide
nanoarrays on the cordierite monoliths were induced by the precipitation rates of Co precursors. The
reactivity of the monolithic catalysts was compared by calculating the activities after normalization with
the loading weight. As presented in Figure 5.5b, the normalized activity of the catalysts follows the trend
of OMS-2@Co3O4-acac ≈ OMS-2@Co3O4-ac > OMS-2@Co3O4-NO3 > OMS-2@Co3O4-Cl > OMS2@Co3O4-SO4. In addition, activation temperatures were also studied for CO oxidation, using the best
catalyst, OMS-2@Co3O4-acac, as shown (Figure 5.5c). The catalyst showed the best CO oxidation
performance at 350 °C, and higher temperature may cause catalyst sintering. The interface effect between
MnO2 and Co3O4 was studied by coating a thin layer of ZnO between OMS-2 nanorods and the Co3O4 layer.
As a result, OMS-2@ZnO@Co3O4 monolith catalyst displayed a decreased full conversion temperature of
CO, as shown in Figure 5.5d.
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Figure 5.5 (a) Catalytic performance of different manganese-cobalt oxide core-shell nanoarray catalysts
for CO oxidation. (b) Calculated activities as a function of the temperature. (c) Catalytic performance of
OMS-2@Co3O4-acac core-shell nanoarray catalysts for CO oxidation at different activation temperatures.
(d) CO oxidation reactivities of OMS-2@Co3O4 and OMS-2@ZnO@Co3O4 monolith catalysts.
In order to understand the changes of activity, both SEM and HR-TEM were utilized to probe the
morphological and structural differences of five manganese-cobalt oxide monolith catalysts at different
calcination temperatures. Figure 5.6a shows the thin flakes of Co3O4 perpendicularly grown on OMS-2
nanoarrays that form cactus-like morphologies, which use cobalt nitrate as the reagent. Similar
morphologies were also observed for OMS-2@Co3O4-ac (Figure 5.6b), OMS-2@Co3O4- SO4 (Figure
5.6c), and OMS-2@Co3O4-Cl (Figure 5.6d). OMS-2@Co3O4-acac in Figure 5.6e showed successful
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Figure 5.6 SEM images of (a) OMS-2@Co3O4-NO3, (b) OMS-2@Co3O4-ac, (c) OMS-2@Co3O4- SO4, (d)
OMS-2@Co3O4-Cl, and (e) OMS-2@Co3O4-acac. (f) TEM and (g) EDX mapping images of OMS2@Co3O4-acac nanoarrays. HR-TEM images of OMS-2@Co3O4-acac after calcination at (h) 350 °C and
(i) 550 °C.
growth of small nanoparticles on the surface of OMS-2 nanorods. The TEM images of single nanorod for
OMS-2@Co3O4-acac in Figure 5.6f reveal the uniform coating of Co3O4 nanoparticles, and EDX elemental
mapping (Figure 5.6g) shows a core-shell structure with the Co3O4 coating thickness of about 50 nm. HRTEM images of OMS-2@Co3O4-acac after calcination at 350 and 550 °C are displayed in Figure 5.6h and
Figure 5.6i, respectively. The clear lattice fringes with the measured d-spacing of about 0.49 nm can be
indexed to the (200) planes of α-MnO2, suggesting that the crystalline nanorods grew along the c aixs.27
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Crystal interfaces between Co3O4 and MnO2 are observed for the core-shell nanoarrays as highlighted with
the dashed line. Two type of lattice fringes were observed for the material calcined at 350 °C, and indexed
to the (422) and (220) planes of Co3O4. Both (311) and (400) planes were confirmed for Co3O4 after
calcining the materials at 550 °C.

The cobalt oxide coated nanoarrays were further studied by XPS to investigate the chemical
oxidation states and surface properties of catalysts, which play a vital role for the oxidation of CO.
Deconvoluted spectra of Mn 2p, Mn 3s, Co 2p, and O 1s are presented in Figure 5.7. Six peaks
were fitted for Mn 2p3/2 (Figure 5.7a) based on the multiplet fittings used by Biesinger et al.28 The
full width at half maximum (FWHM) of each peak was constrained according to the standards
reported.29 The fitting results in Table 5.2 show large peak ratios at ≈640.4 ± 0.2 eV for OMS2@Co3O4-acac and OMS-2@Co3O4-ac, indicate an oxidation state of Mn close to 2+. The fittings
for other three catalysts suggest a higher Mn oxidation state close to 3+. We further fit the Mn 3s
(Figure 5.7b) to estimate the average oxidation state (AOS) of Mn, using the equation AOS =
8.956 – 1.126 ΔE, where ΔE is the binding energy difference between the multiplet splitting of
Mn 3s.30 The calculated AOS of Mn (Table 5.3) for different manganese-cobalt oxide catalysts
demonstrates the reduction of surface OMS-2 nanorods due to the coatings of cobalt oxides. The
XRD patterns of manganese-cobalt oxide films (Figure 5.8) further confirmed the α-MnO2 crystal
structure of the bulk manganese oxide cores. As shown in Figure 5.7c, two peaks at around 780
and 795 eV for Co 2p demonstrate the presence of Co3O4.31 The peak ratios of Co3+ deconvoluted
from Co 2p3/2 are very close for OMS-2@Co3O4-acac and OMS-2@Co3O4-ac, but much higher
than others, indicating that abundant Co3+ species exist in the catalysts. Two oxygen species were
identified from the O 1s spectrum (Figure 5.7d) at around 528.5 and 531 eV, corresponding to
lattice oxygen (OL) and surface hydroxyl groups (OOH), respectively. The OOH/OL
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Figure 5.7 Mn 2p (a), Mn 3s (b), Co 2p (c), and O 1s (d) deconvoluted XPS spectra of five different
manganese-cobalt oxide core-shell catalysts. Raw data are shown by circles, and the fitted data are shown
as solid lines. All the spectra were calibrated using the C 1s transition.

ratios of five catalysts follow the trend of OMS-2@Co3O4-acac (7.7) > OMS-2@Co3O4-NO3 (5.9)
> OMS-2@Co3O4-ac (5.3) > OMS-2@Co3O4-Cl (3.6) > OMS-2@Co3O4-SO4 (2.3), consistent
with the order of normalized activities as stated above.
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Table 5.2 Summary of fitting parameters for Mn 2p3/2 spectra.

catalyst

P1
(eV)

%

P2
(eV)

%

P3
(eV)

%

P4
(eV)

%

P5
(eV)

%

P6
(eV)

P7
(eV)a

%

OMS-2@Co3O4-acac

639.4

16

640.4

21

641.1

21

641.9

17

642.7

13

643.8 7 644.9

5

OMS-2@Co3O4-ac

639.2

12

640.2

19

640.9

22

641.7

19

642.5

13

643.5 8 645.2

7

OMS-2@Co3O4-NO3

639.5

9

640.3

23

641.1

21

641.9

21

642.9

13

643.8 5 645.1

8

OMS-2@Co3O4-Cl

639.4

8

640.2

15

641.1

31

642.0

24

642.9

11

643.7 4 644.7

7

OMS-2@Co3O4-SO4

639.5

9

640.3

15

641.2

30

642.1

23

643.0

13

644.0 6 645.3

4

a

%

P7 is a shake-up peak with FWHM of 2 eV.

Figure 5.8 XRD patterns of OMS-2 and manganese-cobalt oxide nanoarray monoliths.
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The TGA curve of cordierite substrate (Figure 5.9) shows less than 1 wt% loss mainly at 450-800 °C,
indicating a stable structure for the high temperature reaction. The weight losses of five manganese-cobalt
oxide nanoarrays at the temperature of 200-600 °C follow the trend of OMS-2@Co3O4-acac > OMS2@Co3O4-ac > OMS-2@Co3O4-NO3 > OMS-2@Co3O4-SO4 > OMS-2@Co3O4-Cl, which mainly are due
to the loss of surface oxygen species. The mass spectrum recorded for OMS-2@Co3O4-acac confirmed the
formation of CO2 for the weight loss due to the removal of adsorbed -acac ligands.
Table 5.3 Summary of Mn 3s, Co 2p3/2, and O 1s for different manganese-cobalt oxide catalysts.

ΔE 3s
(eV)

AOS

OMS-2@Co3O4-acac

6.02

OMS-2@Co3O4-ac

catalyst

Co 2p3/2

O 1s

Co2+

%

Co3+

%

OL

%

OOH

%

2.2

781.2

57.1

779.5

42.9

528.6

11.5

531.0

88.5

5.86

2.4

780.7

58.6

779.1

41.4

528.5

15.8

530.8

84.2

OMS-2@Co3O4-NO3

5.67

2.6

781.4

71.1

779.9

28.9

528.9

14.5

531.3

85.5

OMS-2@Co3O4-Cl

5.76

2.5

779.9

70.6

778.9

29.4

528.4

21.9

530.9

78.1

OMS-2@Co3O4-SO4

5.54

2.7

780.4

66.5

779.2

33.5

528.5

33.7

530.9

76.3

Figure 5.9 (a) TGA results of cordierite substrate as well as five different manganese-cobalt oxide
nanoarrays. (b) Mass spectrum of OMS-2@Co3O4-acac core-shell nanoarrays.
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Reducibility of the five manganese-cobalt oxide core-shell nanoarray catalysts was measured by H2TPR, which was used to understand the reactivity for CO oxidation, as shown in Figure 5.10a. There are
generally two reduction steps for manganese oxide and cobalt oxide, respectively, including MnO2 →
Mn3O4 → MnO and Co3O4 → CoO → Co.23,24 Higher temperature is needed for each further reduction step.
The reduction reaction takes place at 200−350 °C and is assigned to the reductions of Co3+ to Co2+
(Co3O4→CoO) and Mn4+ to Mn3+ (MnO2→Mn2O3), while the temperature ranges from 350 °C to 500 °C
can be attributed to the reductions of Co2+ to Co0 (CoO → Co) and Mn3+ to Mn2+ (Mn2O3 → Mn3O4).
Among those five tested materials, OMS-2@Co3O4-acac displayed the lowest consumption peak at around
270 °C mainly due to the reduction of Co3+ to Co2+, indicating the increased reducibility of the catalyst. In
addition, O2-TPD was performed to study the desorption behavior of oxygen species from the core-shell
catalysts. As shown in Figure 5.10b, the oxygen consumption peak below 275 °C can be assigned to the
evolution of surface adsorbed oxygen species. The oxygen peaks ranging from 275 °C to 550 °C and above
are attributed to the evolution of lattice oxygens from the near surface as well as the bulk, respectively.
OMS-2@Co3O4-acac displayed a distinct oxygen consumption peak at temperatures of 275-550 °C,
indicating that abundant oxygen species exist on the surface. This result is consistent with the observations
from XPS as stated above.

Figure 5.10 (a) H2-TPR and (b) O2-TPD profiles of five different manganese-cobalt oxide core-shell
catalysts.
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OMS-2@Co3O4-acac nanoarray-based monoliths as the best CO oxidation catalysts were selected for
mechanical stability tests. The catalyst was sonicated in water using a Fishier Scientific Ultrasonic Cleaner
with a frequency of 40 kHz. As shown in Figure 5.11, the nanoarray-based monolithic catalyst maintained
90 wt% of coating after 10 h sonication and the CO oxidation characterization showed a good catalytic
performance with the full CO conversion temperature of about 175 °C.

Figure 5.11 (a) Weight measurements of OMS-2@Co3O4-acac after sonication in water. (b) CO oxidation
activities of OMS-2@Co3O4-acac core-shell nanoarray catalysts before and after the sonication test.
5.4 Discussion
Multiple oxidation states of manganese (Mn2+, Mn3+, and Mn4+) as well as the unique 2 × 2 tunnel
structure are composed of edge- or corner-shared [MnO6] octahedral units, making OMS-2 one of the most
studied materials for heterogeneous catalysis.32 OMS-2 nanoarrays reported by Chen et al.33 showed a
robust mechanical stability, and better CO oxidation performances than the classic washcoating
counterparts. For the first time, different non-noble-metal oxides for CO oxidation were achieved using the
fast and facile microwave method. As a result, the CO oxidation behavior of different core-shell metal oxide
nanoarrays varies considerably, while metal-oxygen bond energies, CO adsorption ability, lattice oxygen
mobility, and CO2 desorption ability were considered to play crucial roles.34 The CO reactivity of different
core-shell nanoarrays was also confirmed by kinetic studies, of which OMS-2@Co3O4 showed a lower
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activation energy of 40.3 kJ mol-1, demonstrating that less energy was required to break the metal-oxygen
bonds. In addition, the pre-exponential factor reflects the number of active sites generated on the surfaces
of catalysts.35 The calculated pre-exponential factors of OMS-2@Co3O4, OMS-2@CuO, and OMS-2@NiO
are several to dozens of times higher than other core-shell catalysts, together with their lower conversion
temperatures, suggesting an increased number of active sites created by those coatings. In terms of practical
applications, for example, the core-shell OMS-2@Co3O4 monolithic catalyst with less amount of cobalt,
decreases the cost of materials, but achieves similar or higher CO oxidation performance compared to the
direct use of Co3O4 nanoarrays.

Figure 5.12 SEM images of OMS-2@Co3O4-NO3 core-shell nanoarrays synthesized by hydrothermal
method.
The microwave-assisted hydrothermal method is the key to achieving uniform and thin coatings for the
external shell part of the nanoarray monolith.36 Since homogenous heating caused by microwave radiation
will provide uniform nucleation and growth environments for metal oxide nanoclusters, small sized Co3O4
nanomaterials were well dispersed on the surfaces of OMS-2 nanoarrays.37 For comparison, we also made
Co3O4 coatings using cobalt nitrate as a precursor utilizing the conventional hydrothermal synthesis strategy.
As shown in Figure 5.12, OMS-2 nanoarrays were partially coated with Co3O4 nanosheets after the
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hydrothermal reaction, which may be due to the limited cobalt precursor inside the channels of honeycomb
monoliths caused by the static hydrothermal reaction environment.
Interfaces were not only found to exist in the metal-oxide, but also play an important role for the catalytic
reaction in oxide-oxide systems.38,39 Tang et al.40 reported that heterogeneous interfaces due to the MnO2Co3O4 composite lowered the reduction temperature and increased the population of adsorbed oxygen
species, and as a result, enhanced its catalytic activity. Similar results were observed with other metal oxides
such as MnO2@NiO41 and CeO2@MnO242. In this work, the interface effect between MnO2 and Co3O4 was
investigated for the best CO oxidation catalyst of OMS-2@Co3O4-acac core-shell nanoarrays. Based on the
CO oxidation results presented above (Figure 5.1b), OMS-2@ZnO catalyst exhibits much lower activity
than OMS-2 nanoarrays, demonstrating the successful coating of ZnO thin layers on the surface of OMS-2
nanorods, which were selected as the active support. By applying the same synthesis method as OMS2@Co3O4-acac, another layer of Co3O4 was coated on the surface of OMS-2@ZnO nanorods, forming the
OMS-2@ZnO@Co3O4 core-shell-shell structure. The catalytic results for OMS-2@ZnO@Co3O4 (Figure
5.5d) needed a higher temperature for 100% conversion of CO when the ZnO layer exists between MnO2
and Co3O4, demonstrating that an interaction effect exists in OMS-2@Co3O4-acac leading to high
performance in CO oxidation.
An abundant amounts of Co3+ exposed on the surfaces of nanoarrays were found to contribute to the
high activity of CO oxidation. Actually, many papers reported that Co3+ is the dominant active site for CO
oxidation in Co3O4. For example, Xie et al.43 prepared Co3O4 with controlled morphology of nanorods that
have a predominant exposure of (110) planes, which are mainly composed of Co3+ cations, which exhibit
much higher activity for CO oxidation than conventional nanoparticles. Broqvist et al. 44 revealed the CO
oxidation mechanism on (110) surfaces of Co3O4 utilizing first principle density functional theory and that
CO prefers to adsorb on the surface of Co3+ sites. In this study, XPS results of OMS-2@Co3O4-acac
displayed a higher ratio of Co3+ on the surface than other manganese-cobalt oxide core-shell nanoarrays,
which in turn present better performance for CO oxidation. Meanwhile, the H2-TPR profile of OMS118

2@Co3O4-acac (Figure 5.8a) showed a distinct consumption peak at a lower temperature of 270 °C for
Co3+ → Co2+, also indicating higher amounts of Co3+ distributed on the surface of the nanocrystals. These
findings are consistent with the results that are reported in the literature as stated above.
As stated above, the abundant amounts of Co3+ exposed on surfaces and large amounts of adsorbed
oxygen species stem from the interface together contribute to the high CO oxidation activity. To better
understand how these work cooperatively to accomplish the catalytic cycle, three plausible reaction
mechanisms are proposed for CO oxidation over manganese-cobalt oxide core-shell nanoarray catalysts, as
shown in Figure 5.13. Previous in situ diffuse reflectance infrared spectroscopy (DRIFTS) experiments
conducted by Luo et al.45 demonstrated that CO adsorbed on the surface of transition metal oxides in the

Figure 5.13 Schematic models for CO oxidation over manganese-cobalt oxide core-shell nanoarray
monolithic catalysts.
forms of bidentate carbonate or carbonyl species. In this study, CO may adsorb on the surface Co metal
adjacent to the interface (schematic a), or on the manganese oxide surface nearest to the interface (schematic
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b), or on both manganese oxide surfaces nearest to the interface and on the Co metal surface next-nearest
to the interface (schematic c). For all those reaction pathways, the shared oxygens at the interface of metal
oxides are actively involved in the catalytic reaction, which was also confirmed by Shapovalov et al.46 using
DFT calculations.
In general, the CO oxidation reaction rate is determined by the step of CO* (g) + Olatt → CO2 (g) + Ovac,
where Olatt stand for the lattice oxygen and Ovac for oxygen vacancies. In this process, active oxygen needs
to react with the adsorbed CO for the generation of CO2 on the surface, which requires the catalyst to have
a low M-O bond energy. As a result, Co3O4 is one of the candidates. In addition, the high ratio of OOH
obtained from XPS results of O 1s (Figure 5.7d), the large amount weight loss recorded by TGA (Figure
5.9), as well as the clear desorption peak observed from 275 to 550 °C for the O2-TPD profile (Figure 8b),
suggest there are higher surface adsorbed oxygen species of OMS-2@Co3O4-acac than on other manganesecobalt oxide core-shell nanoarrays. According to the literature,47 these adsorbed -OH groups are weakly
bonded on the surface, which can either directly couple with the adsorbed CO or via -COOH to form CO2.
The protons generated from the reactant site were transferred to bond with -OH nearby to form adsorbed
H2O. Such -OH mediated reaction would also promote the CO oxidation activity of OMS-2@Co3O4-acac
nanoarrays. High oxygen mobility is also required for the catalyst toward efficient CO oxidation. The H 2TPR profile in Figure 5.8a exhibits increased reducibility for OMS-2@Co3O4-acac, indicating the
enhanced oxygen mobility on the basis of the literature.48
5.5 Conclusions
In summary, a facile and fast microwave-assisted synthetic strategy has been developed to integrate
different manganese oxide nanoarray based core-shell nanostructures onto cordierite honeycomb
monoliths. OMS-2@Co3O4-acac monolith catalyst with the 100% CO oxidation conversion temperature of
150 °C and corresponding activation energy of 40.3 kJ mol-1, showed the highest CO oxidation activity
among all the tested catalysts. The activity order of these catalysts is found to be closely correlated with the
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amount of Co3+ exposed on the surface, adsorbed oxygen species, and oxygen mobilities. In addition, the
synergistic effect between Co3O4 and MnO2 was demonstrated to play an important role for the enhanced
catalytic activity. High thermal annealing temperatures induce the sintering of the core-shell nanoarrays,
which further affect the CO catalytic activity. The unique microwave-assisted hydrothermal synthesis with
controllable reaction rate and uniform coating exhibits good potential for the preparation of monolithic
catalysts for emission control.
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Future Work
Metal-containing compounds represent a group of functional materials which are promising as the
anodes of future generation LIBs. As a preliminary study, Co3O4/graphene in this thesis work showed initial
capacity of 821 mAh g-1 and high capacity of 1300 mA h g-1 after 600 cycles at a high current rate of 1C.
More work is needed in the future to make the cycling capacity more stable and alleviate the initial capacity
loss of the material for practical applications. Foreign metals such as nickel, iron, manganese, copper and
molybdenum can be introduced into the system to combine with Co3O4. In addition, synthesis of highly
ordered mesoporous Co3O4 with synthesized polymer surfactant may shorten the diffusion pathways of
lithium ions. Further annealing Co3O4 nanoparticles with the supported graphene layers at optimum
temperature under inert or reduction atmosphere possibly increase the conductivity of the composite
materials. The facile and fast synthesis approach used here can be simply extended for making other metal
oxide anode materials.
Two-dimensional mixed metal (oxy)hydroxide nanosheets containing specific concentration of nickel,
cobalt, and iron are studied as the electrochemical water oxidation catalysts in alkaline media. In the next
stage, exchange of interlayer onions and further exfoliation into single layers will create more active sites
on the surface. Other transition metals such as chromium, vanadium, and copper may be introduced into
the system to combine with the selected metals. Those metal (oxy)hydroxides can also be used as precursors
to further prepare ultrathin transition metal phosphides, metal sulfides, metal nitrides, and metal selenides,
which might exhibit higher electrocatalytic activities not only in water oxidation but also in the hydrogen
evolution reaction, oxygen reduction reaction, CO2 reduction reaction, and other electrocatalytic reactions.
In the work of mesoporous NiO/MnO2, the synthetic route can be extended for preparing other mixed
transition metal oxides. Efforts can be made to modify the synthesis conditions such as solvent and polymer
surfactant, which will further influence the chemical and physical properties of mesoporous materials.
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Applying this synthetic strategy to in situ coating of mesoporous NiO/MnO2 on more conductive substrates,
such as nickel foam, will potentially increase the electrocatalytic activity for both OER and ORR.
Integration of metal oxide nanorod arrays on 2D or 3D substrates provides a promising pathway for
practical application of nanomaterials for environmental and energy catalysis. The next step of this work
may focus on further coating of different transition metals, metal oxides, and metal hydroxides on the
surfaces of manganese oxide nanoarrays. The application should not only limit the removal of toxic gases
generated from automobiles and industrial plants, but also conversion of those green gases into value-added
products. For example, manganese oxide-base nanoarrays can be used to catalytically convert greenhouse
gases such as methane and CO2, into methanol, ethane, ethylene, and ethanol.
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